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High-time resolution rocket measurements have been madeobfrged particulates un-
der polar summer mesospheric conditions on 5 and 14 July 198@ing the DROPPS
campaign at And ya Rocket Range, Norway. Each rocket carrgetwo Particle Trap (PAT)
sensors, and two Particle Impact Detector (PID) telescopesith three biased grids, which
were pointed into the rocket ram during both upleg and downlg The Sun was within 51
of ram, providing a spin modulated UV input to both PID and PAT. The spin-averaged
background current on PID grid 2 (-4 volt), and PAT is consisént with the altitude varia-
tion and ux expected for UV photoionization, with spin moduation able to separate the
photoemission and particulate currents. DROPPS 1 was owmto a strong PMSE (polar
mesospheric summer echo) condition with a weak NLC (noctident cloud) located at the
base of the PMSE. Once the UV photoemission is removed fromettdata, both PAT
and PID currents were consistent with each other and with the@resence of uncharged,
large (10<r<50nm) ice grains in the NLC, and negatively charged, small €Ir<10nm)
ice grains in the PMSE. However the NLC analysis is complicad by a charging anomaly
which we argue is a water-enhanced UV photoemission from tkarface.

1. Introduction

Polar mesosphere summer echoes (PMSE) and noctilucent @leuNLC) occur in the
summer high latitudes mesosphere where temperatures campmvell below 130 K. NLCs,
composed of large visible aerosol particles, usually appéa the altitude range 82 to 85
km, whereas PMSEs, composed of smaller subvisible partgleisually appear between
82 and 88 km. A review of PMSEs can be found in Cho and Kelley @3%); Cho and
Rettger (1997); Rapp and Lubken (2004), and a review of NLE can be found in Thomas
(1991, 1995). PMSEs show strong radar returns between 50 MHEzd >1 GHz and may
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be associated with layering of electrically charged ice asols. Some have suggested that
the electron di usion is reduced (Cho and Kelley, 1993; Rapand Lubken, 2000) due to
the charged aerosols, which would result in a variability clectron density and refractive
index structure that can re ect radar. But the theory of PMSE generation Cho and Kelley
(1993); Cho and Rettger (1997); Rapp and Lubken (2004), heanot reached consensus on
either the mechanism responsible for Bragg-re ected radathe spatial structuring, or
the location-speci ¢ occurrence statistics, in part becae the composition remains ill-
determined.

Early on, in situ measurements of what appear to be positive and negative cged
aerosols made by Havnes et al. (1996b,a) using a double grehsor, suggested a dust-
enhanced internal electric eld. Rapp and Lubken (1999) mdeled aerosol charge collec-
tion on ice and metals, concluding that theoretically only pre sodium and potassium
have low enough work functions to allow for signi cant phot@mnization and positively
charged dust. Recent laboratory results for sub-micron pticles (Abbas et al., 2003,
2006) revealed that a popular theory of positive aerosol pdaction (Draine and Sutin,
1987), which relied on a theoretical extrapolation of expenental results from 10 microns
down to 0.1 microns was unsupported. In fact, submicron pades were charged by UV
in the same manner as the nanometer clusters described by mio and molecular physics
community, providing the theory of UV charging a smooth intepolation from atomic to
macroscopic dimensions. Therefore there is little theoieal or laboratory support for
positively charged aerosols in the mesosphere.

In his reanalysis of earlier data (Havnes, 2006) suggestétat the observation of positive
charge may be an instrumental artifact arising from a rocketlust interaction. Therefore
the existence of and mechanism for producing positive cuntein an NLC is an open
guestion we address in this paper, though there is growingnsensus that a PMSE is
composed of negatively charged, subvisible ice grains.

Increased ionization and dynamics by energetic electronsagnalso play a role in PMSE
(Kelley et al., 1990; Barabash et al., 2002), but no clear assations have been made sta-
tistically (Cho and Rettger, 1997; Morris et al., 2005). Pogress in understanding PMSE
generation will require high quality in situ data correlated with ground measurements.
Therefore the DROPPS campaign, which coordinated extengi\ground observations and
in situ particulate density, charge, precipitating electron, comosition and plasma param-
eters collected by the well-instrumented DROPPS rocket, saprovided highly signi cant
data. This paper addresses some of the complexities that leadelayed the analysis of
this comprehensive data set, as well as new evidence for gugtasmas.

A schematic of the DROPPS (TheDistribution and Role of Particles in the Polar
Summer Mesosphere) experiment is illustrated in Figure 1 and described in detail
by Goldberg et al. (2001). The DROPPS payload included an ay of six booms as
shown for DC and AC electric eld measurements (Holzworth eal., 2001; Pfa et al.,
2001), Langmuir aft tip probes, blunt probes, radio propag&on experiment, Gerdien
sensors (Croskey et al., 2001; Mitchell et al., 2001), NLC ptometers and a particle
aerosol trap (PAT) detector (Waelchli et al., 1993; Gumbel ad Witt, 1998). In addition,
particulate and plasma charge and density sensors and an egetic electron sensor (PID)
were included,. During the campaign, MIDAS, Mini-Dusty, anl MET (Schmidlin and
Schauer, 2001), were also launched with simultaneous gradibased data collected from
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Figure 1. DROPPS rocket schematic, with inset on PID sensor.

the ALOMAR lidar, the ALOMAR MST radar (53.5 MHz), and the EIS CAT radars (933
MHz and 224 MHz in Tr mso, Norway) as discussed by Goldberg etl. (2001).

Zenith 3 N
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N w \&
Elevation DROPPS 1 Azimuth

Figure 2. Rocket-sun geometry.

This paper focuses on the data recorded by the PAT (Particlerép) and PID (Particle
Impact Detector) on the rst rocket (DROPPS 1) launched whik a strong PMSE coupled
with a weak NLC was in progress.
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Table 1

PID and PAT instrument subsystems.
Name Instrument Characteristics
PAT1 Particle Trap 1 Graphite (aquadag) coated 3.9V 10 10x1lcm slats
PAT2 Particle Trap 2 Gold coated 3.9V 10 10x1lcm slats

CGRID1 Charge Telescope Grid 1 94.5% transp. SSteel Harp, Y¥&Langmuir probe)
CGRID2 Charge Telescope Grid 2 94.5% transparent SSteel gar4V 1.6 cn?
CGRID3 Charge Telescope Grid 3 94.5% transparent SSteel gar2.5V 1.6 cn?
MGRID1 Mass Telescope Grid 1 as CGRID1 but +4V scanned LangruProbe
MGRID2 Mass Telescope Grid 2 as CGRID2

MGRID3 Mass Telescope Grid 3 as CGRID3

LPVDF Large PVDF Detector 7 cn?

2. Instrumentation

2.1. Particle Impact Detector (PID)

The DROPPS 1 Black Brant rocket was launched from And ya, Noway (69.3 N 16.02
E, magnetic L shell of 6.2 at 100 km) on 5 July 1999 at 23:36:30Tland achieved an
apogee altitude of 117.3 km. After the nose cone and boom dgphents, the attitude
control system pointed the telescopes within a few degreefstbe ram direction over the
80-90 km region of interest (Goldberg et al., 2001). The ndnvard launch faced the
sun in azimuth, and at 80km altitude had a 52 elevation above the sun direction. At
apogee the attitude control tipped the rocket over to pointn the downward ram direction,
which made the sun angle about -39in elevation (See Figure 2). This attitude control
allowed continuous data with reduced spin modulation e e& yielding unprecedented ne
structure measurements.

The PID detectors were located at the top of the DROPPS paylah(Figure 1 inset). The
PID instrument package consisted of a charge telescope, assdelescope, and a PVDF
spectrometer. Table 1 gives additional instrument details The polyvinylidene uoride
(PVDF) sensor is based on the principles of charge generatiéerom depolarization and
piezoelectric e ect of a thin (6 micron thick) foil at the rodket impact velocities of about
1 km/s, which would be sensitive to particles greater than aut 50 nm and densities
greater than 100 cm? (Simpson and Tuzzolino, 1985; Tuzzolino, 1992).

The charge and mass telescopes consisted of three grids armb#iom sensor as shown
in Figure 3. The instrument is similar to the pioneering workoy Havnes et al. (1996b,a),
but with much ner grid \harps" having 94.5% transmission ard the addition of a third,
positively biased grid. Each grid was connected to a sensgilogarithmic electrometer to
monitor the net current.

2.1.1. Charge Telescope

The three grids in the Charge telescope are labeled CGRID1GRID2 and CGRIDS3.
The rst grid, CGRID1 held at +6 V, acts as a Langmuir probe for electrons but blocks
the ions of mass-per-charge 1000 amu/e (or positive singly charged ice grains< 0.6
nm) from entering the telescope. The DROPPS 1 rocket was ladmed at an azimuth
almost directly facing the sun, at 51 in elevation, allowing solar UV to illuminate the
aluminum grid frames, so this grid also has a solar UV respansThe frames are circular,
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however, which tends to minimize the rocket spin modulatigrbut sensitive to nutation.

The second grid, CGRID2 at 4 V, is sandwiched between the twoopitive grids and
responds to positively charged particulates, as well as irapting negative particulates
that adhere to the thin grid wires (cross sectional area of @ cnt), UV photoemission, or
impact generated negative ion emission. SIMION 3D simulatns of charged particulates
entering the PID at a rocket velocity of 1 km/s show that this £cond grid will repel
negative particles with a mass/charge ratio less than 1100ma/e, which corresponds to
1.1 nm diameter grains with the density of ice.

The third grid, CGRID3 at +2.5 V, responds to primary or secomlary charges generated
by particulates or particulate impacts below CGRID2. The cuents measured with the
CGRID1, CGRID2, and CGRID3 showed no cross talk during califation, nor observed
in ight, as seen by the strong spin-correlated UV signal on GRID2 at apogee that was
absent from CGRID1 and CGRID3.

2.1.2. Mass Telescope

The three grids in the Mass telescope are labeled MGRID1, MGB2, and MGRID3.
It is a big shorter than the Charge telescope, which may have glight e ect on the
in- ight dynamics, but otherwise the two telescopes are diensionally identical. The
major di erence is electrical, with the front grid swept in wltage from -5V to +4V in
75 ms and held at +4 V for 1083 ms. The sweeps allow both pos#ivons and smaller
grains through the front grid, which add an exponentially deaying signal to MGRID2
but otherwise MGRID2 and MGRID3 are identic to CGRID2 and CGRD3.

Figure 3. Schematic of PID and PAT with ram and sun directions The PAT ram direction
is in the plane of the paper.

2.2. Patrticle Trap Detector

Lower on the rocket body (Figure 1) were two Particle Trap (PA) sensors of Stockholm
University (Gumbel, 1997; Gumbel and Witt, 1998), which cosisted of 10 slat electrodes
aligned with the rocket axis mounted in an open box located &he side of the payload,
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and hinged to deploy at 60 from the rocket axis after launch. The slats were alternatgl

biased at 3.9 V, and the current to payload ground was sensitively meaed (Figure

3). Like the three grids of the Charge and Mass Telescopes, PAollects current from

charged patrticles or UV light without too much interferencdrom the background electron
density, being inside the rockets bow shock and plasma shieaThe PAT1 sensor is coated
with graphite (aquadag) and the PAT2 sensor is gold-platedsurfaces that do not form
oxide layers so that they have stable, though di erent, elémon work functions.

3. Data
3.1. UV Photocurrents on CGRIDs and PAT

Figure 4. PID currents MGRID2, CGRID2, CGRID3, and PAT1/2 spin-averaged currents
upleg. PAT negative electrode overlaid on MGRID2 with 0.01wrent scaling.

In Figure 5, we plot the current on the positive and negativelats of the graphite-coated
PAT1 clearly showing a spin modulation. Below 83 km, the sptimodulated total currents
are nearly identical, with the positive slat showing a doulel-peaked current, whereas the
negative slat has a stronger central peak with side lobes. iBhis simply a result of the
sun-rocket geometry, Figures 2 & 3.

3.1.1. UV photoemission model

We argue that the production of photoelectronsUV, is proportional to the intensity
of the UV light landing on the slat surfacel,, multiplied by an e ciency, , and the illu-
minated surface area.

uv = IA (1)

If we designate the PAT slat's long axigm; the slat's short axisd} and the slat normal
N, then before launch we have along the rocket axisz} rh alongy, and @ along the rocket
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Figure 5. PAT1 measured current on positive(negative) slatin blue(red) as a function of
time and altitude.
radius vector X} wherex'is de ned to in the plane containing the rocket and sun vecta:.
Then after launch the rotation of the rocket spin is aroundz’by an amount !t , whereas
the PAT sensor deploys by a pitch angle rotation = 60 about rh. (An alternative
\Model 1, Vertical" was considered where the slats long dinmsion M was aligned with
the rocket axis, but it produced only double peaks, not trig peaks.)

The Euler angle matrix that de nes the new PAT vectors is then

cos(t )cos() sin(!'t )cos() sin() || ®

(6,/h,A) = -sin('t ) cos(t ) 0 \a (2)
-sin( )cos(t ) -sin( )sin('t) cos() || 2

The sun is taken to be =51:6 from the vertical, or a vector $'= (sin( );0;coy )),

then we can compute the cosine of the sun vector with the sladrig edge '} or with the
slat normal, rt, or with the slat short edgea} are:

=& M= sin( )sin(!t) (3)
=% A= sin( )cos(t )sin( )+ cos( )cos() 4)
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=% 0=sin( )cos( )+ cos( )sin( )cos(t) (5)

Then the intensity of UV light falling on the slat long edge ad slat normal is,

Im =

lg 9 (6)
ln=1p 9 (7)

wherel g is the normal incidence UV light intensity at this altitude, and g is some power-
law correction for loss to specular re ection, where = 1 for rough surfaces, but may
approachq = 2 for smooth surfaces.

The illuminated area is the projected length and width of the5 slats including shad-
owing e ects, plus the one grounded side of the box that illumated on the inside. The
box side doesn't contribute to the plates that are providinghe charge carriers, but does
contribute to the plates that are collecting the charge carers. We de ne the following
illuminated areas providing > 0, otherwise 0. The illuminated depth of the slat is

D=05=) jcm (8)
or 1.0 cm, whichever is smaller. The illuminated length of # slat is

L=10 10 j= cm 9)
or 0.0 cm, whichever is larger. And nally, the illuminated wdth (top edge) of the slat is
W =0:09 cm (10)

So the illuminated area for emission of electrons is just the plates that are charged
negative including their edges, whereas the collection oleetrons excludes the edges
but must also include the illuminated ground box that can preide electrons in a region
where the positive plates can collect them. Of course, thegght falling on the box is
shadowed by the slats, however if specular re ection is boaimg the UV o the slats, then
the box is only partially shadowed. We model this partial shdow with the parameter,

=cos( ) cog( ), so that the width of the illuminated oor area becomes:

F=50 10 1.0 j j= 10 W cm; (11)

or 0.0 cm whichever is larger.
Then multiplying by the e ciency of photoelectron production and scaling the intensity
with the cosine of the sun angle gives,

UV =10 [5 j%DL)+ 9(WL)] (12)
UV, = Io[ s 5 j%DL)+ (10 (DL)+ 910F) (13)

where we fold in a collection e ciency for positive slats to gab electrons from negative
slats, s, and another collection-emission e ciency for the electnes generated by the
ground box, ¢. Using the model parameters listed in the Table 2, we plot thphotoe-
mission current (in arbitrary units) in Figure 6.
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Table 2
PAT UV photoemission parameters
0.8 e ciency for photoemission
f 0.5 collection*production e ciency from box
s 0.8 electron collection e ciency from slats
60 PAT pitchangle after deployment

51.6 Sun Angle
! 18.85 /s rocket angular spinrate
q 1.0 specular re ection powerlaw
width 5.5 cm  width of the PAT box
length 10 cm length of PAT box
depth 1 cm depth of PAT box
thick  0.09 cm thickness of slats

Figure 6. Panel 1: UV photoemission model for rotating PAT sesor mounted horizontally.

Red are positive slats, blue negative slats as a function afite. Panel 2: Close up of four
peaks in the PAT modulated currents: above, PMSE, NLC, and baw. Thin blue curves

are currents on the negative slats, wide red curves are cumte on the positive slats.
Increasing intensity with altitude is both due to increasedUV intensity and electron

mobility.

3.1.2. Model Comparison with Data

When t ! 0:15s, the PAT sensor goes into rocket shadow, andV ! 0, an e ect
we have not included in the model. The model assumes that ploaiectrons are the sole
source of current, and most of them are collected. Then theyasmetry of current between
positive and negative slats seen below 83km in Figure 5, istrdtuted to the di ering
e ciency for current production and collection, the negative slat being the cathode, and
the positive slat the anode. Di usive losses to the rocket glath mean that the cathode
may produce more current than the anode collects. (In this atysis, we have ignored
the backscattered light from the cloud discussed below, vdi would tend to \ ll-in" the
minima seen in the \side illumination” curves.)

In addition to explaining the current collection asymmetry this analysis also clearly
suggests that the primary current carriers are negative, rgie the negative slats have
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larger net currents than the positive slats. It also suggestthat the current carriers are
behaving di usively, for in the absence of collisions, nelrall the current should appear
on the positive slat. Collisions, however, di use charge #t normally would be collected
into the rocket sheath, reducing the current collected by th anode. Thus the collection
e ciency, , should increase with altitude, and explains how the posite electrode more
closely approaches the negative electrode at highest aliites.

3.2. PAT surface modi cation in the NLC

In the NLC, however, the photocurrent on the negative slatshows a large increase,
but the current on the positive slats does not. Note also howhe double peaked current
on the positive slats becomes asymmetric, suggesting thahatever is increasing the
photoemission for negative slats is asymmetrically a eatg positive slats. Above the
NLC, the excess photocurrent on the negative slats diminishvhereas the positive slats
seem to get more e cient for normal incidence, eventually nmiicking the photoemission
curves of the negative slats, which we take to be the signawiof reduced collisions.

The current seen on the dark side of the rocket, in the spin-rdalation minima, are
either from di using photocurrent, scattered UV, or chargel particles. Tracing the dark-
side minima then, one sees a broad peak on the negative slaatdiminishes above
the NLC, but is absent in the positive slat. Since this broad @ak does not have the
sharp boundaries of either the NLC or the PMSE, but does havdéé same shape as the
photometer pro les, we attribute it to UV that is scattered by the NLC/PMSE. Note
that if this o set is subtracted uniformly from the negative slat, the photocurrents on the
two slats appear to line up quite well below 83 km.

Thus there appear to be three competing processes in the PATireents: 1) a negative
excess dark current below 84 km; 2) a negative excess photoent in the middle of
the NLC at 83-84 km; and 3) an asymmetric collection e ciencyof the positive slat
that improves with altitude. We tentatively assign the caugs of these three e ects to a)
scattered UV light below 84 km, b) ice/water modi cation of the surface work function
(asymmetric on the positive slats); and c) a reduction in pigsure with altitude that
increases the electron mobility and hence collection e creey. Note that if ice particulates
in the NLC are responsible for increasing the UV photocurrére ciency in (b), they are
simultaneously vaporizing, reducing the mobility and codiction e ciency in (c).

If we integrate over the spin modulation, we can see the e extof particulates and
height dependence with greater clarity.

3.2.1. Dry spin-averaged PAT net currents

In Figure 4, we plot the spin-averaged currents on the posie (red) and negative (blue)
slats, overplotting the graphite PAT1 with the gold PAT2. Note that there is a persistant
o set between the two sensors, which we attribute to the di eent work functions for the
two sensors. That is, the currents are dominated by the photoirrents that exponentially
increase with height, so the more electronegative work futh@n of graphite, which is less
willing to free a photoelectron, will create smaller currels on the negative graphite slats,
and larger currents on the positive graphite slats, so bothAT1 curves shift toward the
right. We interpret this o set as a DC voltage bias proportimnal to the di erence between
the graphite and gold work functions.

Since the gold slats draw more negative current than the grajte slats, it would seem
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to suggest that the PAT2 is gaining charge at the expense of PA. However, charge
neutrality (or current continuity) is supplied by currents through the rocket plasma sheath,
such that the net charge on the rocket (and the PAT sensors) me&ins constant. So with
respect to the aluminum skin of the rocket, which is the groutof the PAT instrument

and the zero of the current scale, the graphite is an electragenerator and the gold an
electron sink. Then the pair of PAT sensors function as a salaell on the rocket skin
producing 0.4 V of potential.

Given the predictable nature of UV ux as a function of altitude, and the xed voltage
di erence between the pair of PAT sensors, we can plot the egpted spin-averaged pho-
tocurrent as a black line in these plots (Figure 4). Deviaties from this smooth pro le
are found in the altitude range where NLC/PMSE particles impct on the electrodes.
Enhanced electron emission (light blue) dominates at 83&4.5 km, while suppressed neg-
ative current (light red) dominates at 84.5-86.5 km. In Figue 4, we overplot the negative
PAT2 slat with the negative MGRID2 grid showing that these po les are in remarkable
agreement, i.e. a positive bay in the NLC and a negative bay ithe PMSE, though
MGRID2 shows a greater sensitivity to aerosols.

To understand this e ect, we constructed a simple model of # PAT photocurrents
where we assume that the rocket photocurrent,, is nearly independent of rocket potential,
because the production of photoelectrons is una ected by &w volts on the aluminum
skin. To achieve equilibrium, the rocket potential Vg, rises to draw in enough cold plasma
electrons to neutralize the escaping hot photoelectronsinSe the aluminum surface area
of the rocket far exceeds that of the PAT sensorsyr is nearly independent of PAT
con guration. The net current of an entire PAT sensor is the em of negative and positive
plates, and if the sensor were made of aluminum, we would expé¢he net current to be
zero, as the rocket is itself. Net currents di erent from zey would then be due to net
potentials/ work functions di erent from Vg, and would be proportional to the surface
area, since UV photocurrents are proportional to area. Thas:

ij=(Vk V) A (14)

Then fast changes to the net current in the PAT sensors wouldebeither due to changes
in the voltage di erence, or changes in the photoemission &iency, . Outside the NLC,
the gold plated PAT2 had a net current slightly more negativeahan the aluminum rocket,
whereas PAT1 had a net current more positive than the rocketThe work function for
agquadag (Taft and Apker, 1955), suggests values 4.65-4.88, dout when mixed with
bentonite, (an aluminum silicate) it increases to 5.2-5.5\& However, Taft and Apker
(1955) point out that the spectra of photoemitted electronss quite di erent than most
metals, such that it acts as if its work function is practicdly higher. The work function
for polished aluminum is 3.9-4.08eV, but even 3nm of oxideisa that value to 4.3eV.
Anodizing aluminum is a process whereby thick oxide layerap to 200nm can be added
to aluminum, and is generally used for exposed aluminum sades, which we presume
to be the case for the DROPPS rocket. Even the noble metal golths a work function
depending on deposition method, (Sachtler et al., 1966), thi 5.3 eV being a typical
polycrystalline value. Given these uncertainties, we esgtiate 4.9eV for aquadag, 5.3eV
for gold, and we estimate the aluminum workfunction by assuimg that the photoe ciency
and area are the same for PAT1 and PAT2, such that=i; = (V> VrR)=(V:1 VR). Solving
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for the rocket potential, we have
Vr = (1o ipVa)=(iy i) (15)

The e ective rocket potential we have calculated is measudefrom the plasma frame,
and includes the work function. In Table 3 we plots the infeed rocket potential and
measured \skin" potential (Holzworth et al., 2001) as a furtton of altitude. To eliminate
the disturbances in the NLC and PMSE, we used a smooth curve tothe unperturbed
PAT currents in Figure 4 and in the Table indicated these intgpolations with an asterisk.
In the last column, we add together the measured skin poteati and the inferred work
function, deriving a number consistent with a constant, wtah should characterize the
unchanging aluminum work function of the rocket skin. This gggests that the PAT
analysis below and above the NLC/PMSE is not contaminated bghanging e ciencies or
e ective areas.

Table 3
PAT net currents, estimated and measured rocket potential
Altitude  iay ic Est. Wg Meas. Vi i Au ic *Est. Wg Sum

km nA nA eV V nA nA eV V
78 -04 0.14 5.21

79 -04 0.16 5.22

80 -07 0.17 5.18 -.13 5.05
81 -09 0.16 5.16 -12 5.04
82 -13 0.18 5.13 -.10 5.03
82.5 -15 0.20 5.13 -.09 5.04
83 +.13 0.27 5.70 -.08 *-22 *0.18 *5.08 *5.00
83.5 +.48 0.51 11.56 -.04 *.27 *0.17 *5.06 *5.02
84 +.58 0.43 3.73 0.00 *-.33 *0.35 *5.10 *5.10
84.5 -12 0.06 5.04 0.10 *-42 *0.12 *4.99 *5.09
85 -78 -21 4.75 0.00 *-50 *0.08 *4.95 *4.95

* Interpolated from data as if dry.

3.2.2. Wet spin-averaged PAT currents

Now the o set between PAT1 and PAT2 due to di ering UV work functions is constant
at all altitudes and in the negative bay of the PMSE, except irthe positive bay of the
NLC, where the o set vanishes. If the excess current in the NL were due to positive
charged aerosols, the amount should be identical in PAT1 ar@AT2, which would still
be o set by the diering photocurrents. Instead, we see bothPAT sensors producing
the same amount of current in the NLC. Therefore we take the wéshing o set in the
positive bay of the NLC to be an indication that the surfaces oPAT1 and PAT2 have
temporarily been given the same UV work function, which by ispection, must be smaller
than graphite, or W<4.8 eV, a value we associate with the water/ice deposited bye
NLC.

From Gumbel et al. (2001) we estimate that the NLC ice parti@ density of 3000/cni of
20 nm grains over a half kilometer of cloud, roughly the time takes to see PAT respond,
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amounts to 5% coverage by a monolayer of molecules at normal incidenc®ince one
would expect the work function to be a weighted average of treeas, and since ice has a
higher work function than most materials, theoretically icng should decrease the current.
So the increased currents and decreased work function must Hue to something other
than an ice-modi ed surface work function.

If instead of ice, we have water on the surface, the work funaet would be very di erent.

It is di cult to determine the work functions of volatile lig uids because the photocurrents
are usually measured in a vacuum. For if the water is evaporag, and if every water
molecule carries o one electron, then this would create arvaporation current, which
for the conditions listed above, would be>10mA, or about 1¢ times greater than the
PAT spin-averaged current of 1nA. Of course, evaporating wer is usually neutral, or we
could get electricity from boiling eggs on the stove, but ct&ly it provides another channel
for UV photoemission not available to a passive gold or graph surface. Therefore the
reduced work function in the NLC might be understood as the altty for evaporating
water to enhance the photoemission rate.

Before we construct a theory, we consider an alternative nfemism suggested by
Havnes (2006) that the ice grains carry o the charge by a tribelectric process after
an elastic collision, in contrast to our suggestion of an itestic collision followed by
transport of charge in the vapor. The two mechanisms might bseen as endpoints on a
continuum, with breakup and fragmentation of the ice grain®r water cluster ions having
characteristics of both elastic and inelastic collisionsSo without bias, both mechanisms
are simpli cations of a collisional process that can be testl by experiment.

Vostrikov et al. (1987) carried out lab experiments with wagr cluster ions (nanometer-
sized charged water particles) impacting at 1 km/s onto vaous surfaces. They found
that ion production e ciency per molecule was about 107 for small 300 molecule clusters,
increasing to an asymptotic 10* for 1500 molecule clusters, which consistent with our 10
overestimate above. However, they also found that positiwgater ion production usually
exceeded negative water ion production, at least on gold armduminum surfaces. Since
this result is opposite to the rocket data, further experimets were conducted.

Andersson and Pettersson (1997) extended the work to graphi and showed that
heating the surface to 1300 K greatly enhanced the negative ion production. These
results were explained with a thermal model of the electrondVhen the surface is cold,
hot electrons evaporated by impact ionization preferentlly condense on the cold surface
producing net positive ions; but when the surface is hot, eparating electrons from the
hot surface preferentially condense on the escaping wateroducing net negative ions.
They model the ionization fraction with the Arrhenius equaion:

A ool ( EANlT] e Acee (P )keT] (16)
wheref ;f.;fo is the ux of negative, positive ions and neutralsA ;A. is the ratio
between the partition functions of the ionic and neutral stee of the species, EA is the
electron anity, IP is the ionization potential of the desorbing water cluster, is the
surface work function,kg is Boltzmann's constant, andT the surface temperature. For
the laboratory experiment, grapHiTe =4:55 eV, andEA =1:4 0:3 eV rising asymp-
totically with size to 1.65 eV. For this experiment,IP =5:1 0:1 eV. and that at an
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elevated temperature of 1320 K, the positive and negative currents were equal.

Figure 7. Schematic water enhanced UV photoemission.

Even at Mach 3, neither the rocket skin nor the PAT sensor camelose to 1320 K,
but they were exposed to UV light. Although Vostrikov et al. 987); Andersson and
Pettersson (1997) did not carry out the experiment with UV lght, the physics of photoe-
mission is straightforward to include. UV photons absorbebly the metal slats liberate hot
electrons that di use to the surface with slightly degradedenergy. These electrons form
a sparse, supra-thermal, non-equilibrium population witim the metal that act just the
same as the 1320 K thermal electrons in the laboratory experent, only hotter. That is,
they can easily tunnel through the surface work-function gential onto evaporating water
molecules as schematically depicted in Figure 7. We assidretn an e ective temperature
that is slightly higher for gold than graphite (due to detaik of the Fermi levels of the two
conductors), but is essentially Lyman- energy of 1 eV, or 11700 K, which is an order of
magnitude higher than the negative current cross-over tengpature. Because of this large
temperature, one can approximate the exponential with therst term in the power law
expansion, rederiving the photoemission equation with a ndoed work function reduced
by the electron a nity, e.g. the work function for a wet surface, albeit scaled with the
ux of water cluster ions impacting.

Thus the model predicts that when an ice or water cluster iontiskes the PAT plates
in darkness, a weak negative current is generated, but in th@esence of UV, a stronger
positive current is produced. The voltage put on the slats d&s not prevent this charge
from forming, but will a ect the collection of the charges that were formed in this manner.
Accordingly, triboelectric charging might be distinguisied from UV emission in this data
set by the asymmetry on the biased slats. Because the kinewmergy of an NLC ice
grainis 100 keV, elastic collisions will be symmetric on both posite and negative slats,
removing as much charge from the negative slats as they deppasn the positive slats
with or without UV, whereas water-enhanced UV photoemissiowill possess distinct spin
modulation on the negative slats, while the positive slatsndy collect the negative charge
made elsewhere.

3.2.3. Wet spin-modulated PAT currents

Examination of the charge collection on positive slats as ariction of spin phase (Figure
5) shows clear asymmetries in the NLC. From Figure 6, we seeathat 89 km, the positive
slat currents are generally double peaked, since at spingge \noon", more negative
current is lost to the rocket sheath, suppressing the currecollected by the positive slat.
However at 90 km in the NLC, the two positive slat peaks becomasymmetric, where



PID-PAT observations of noctilucent clouds and charged aesols 15

the left-hand \dawn" peak remains at its nominal value, but the right-hand \dusk" peak
becomes noticeably suppressed. By 91 km above the NLC the pdemission is carried
by unhindered electrons with high mobility, and both dawn ad dusk peaks are equally
strong. This can also be seen in Figure 5 if a line is drawn tomoect successive dawn
peaks or dusk peaks.

We interpret this suppression of the \dusk" positive slat pak as a consequence of wa-
ter vapor, evaporated by sunlight, changing the mobility othe negative ions or electrons
coming from the negative slats. Since the time required forater vapor at these densi-
ties and temperatures to diuse 0.5cm to Il the space betwee the slats is<5ms, the
asymmetry is not due to a di usion timelag, but rather the themal inertia timelag of the
slats as they rotate into sunlight. Since this asymmetry offte double-peaked positive slat
current only occurs in the NLC, it suggests that wetting of tle slats only occurs in the
NLC, consistent with the previous calculation of UV-enhaned photoemission.

Therefore both the asymmetries in phase, and asymmetriestiveen positive and neg-
ative plates support the theory that it is a surface modi caton in the NLC responsible
for the charging anomaly.

3.3. Charged ice grains in the PMSE

CGRID2 at negative voltage measures both net charge densignd photocurrent. The
front CGRID1 is biased to +6 V, or greatly above the rocket pogntial, and the primary
barrier repelling ions. Above the PMSE region, CGRID2 currgs are purely photocur-
rents, increasing with altitude as the UV intensity increass. Within the PMSE region,
the reduced current observed could be: d) a reduction in laggpositive particles that
make it through the rst grid; €) an increase in heavy negatig particles that impact on
the 7% opaque grids; or, f) a suppression of the photocurrenSince we dont see any
evidence within the PMSE for large positive grains, we elimate the rst option. Should
there be a population of heavy negative ions, they should &l CGRID3 very closely, at
an amplitude of 10%. Examination of Figure 4 shows that theres a rough correlation
between CGRID2 and CGRID3, but not a detailed correlation. Tierefore we tentatively
assign the reduced current to (f), a reduced photocurrent.

Closer examination of the upleg correlation with CGRID3, sbw that three peaks in
CGRID3 correspond to two peaks and a valley in CGRID2. If CGRD3 is responding
to a single factor, then there appear to be two factors on CGRR, one correlated and
one anti-correlated. On the assumption that the broad decase in CGRID2 is the same
e ect (f) seen on the PAT positive plates, on CGRID1 and on theaft-probe, namely
water vapor suppression of collected current, then the paal recovery toward higher
current is in phase with CGRID3, though at only 1-2% of the amigude. This could be
a consequence of: g) higher positive plasma density; h) gogly charged dust; or i) the
same enhanced photocurrents as seen on PAT. The positive eatial of CGRID1 would
seem to eliminate (g), and theoretical support for (h) is wda which leaves (i) pending
more detailed SIMION calculations of ice particle transpdrto CGRID2.

On the downleg, below the PMSE in the NLC region, (Figure 4) weee a net increase in
the CGRID2 current that was not apparent in the upleg, perhap because outgassing on
the upleg was still occuring in the PID telescope. This incese in the NLC current is very
similar to PAT, which showed increased current on the negat-biased slats for both up-
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and downlegs. Since PAT is on the exterior of the rocket, ouaigsing on the upleg would
be minimal, making it consistent with the CGRID2 data. Howeer, as we discussed above,
most of the PAT increase was an enhancement of the photoensspeak, suggesting that
much of the CGRID2 enhancement may also be an enhanced phatossion e ect, which
at least on PAT, was greater than the dark current from potenal ions.

Having eliminated positive dust as an explanation for the sponse in both CGRID2
and PAT, the other clear signature is in CGRID3, showing a cuent from negatively
charged dust density of about 10,000/cf This is the same signature seen in the PAT
sensor, explaining the negative bay of the PMSE as a resultreégatively charged particles
collected by the 50 cr area of PAT at normal incidence. Using the density from CGRIB
gives a peak 1 nA on PAT, which after spin-averaging is about® nA, a value entirely
consistent with the current decrease in the negative bay di¢ PMSE region. Note that the
negative slats show a greater decrease in current than thegmtove slats show an increase.
If the PMSE ice grains had coated the surface, as in the NLC, weould have expected the
opposite e ect. Yet if the ice grains had vaporized, and elaons were collected by PAT,
the positive slat would also show the greater e ect. We intqret this strange behavior
of a larger bay on the negative slat to be evidence that the a@nt carriers are negative
ions, probably water ions. A calculation of the minimum veloity of a negative water
ion necessary to overcome a 3.4 volt potential barrier givedbout 590 m/s, or less than
the rocket speed but greater than the shock-heated thermapsed. This suggests that
even heavier negative ions are needed, perhaps water-ctnsons. The presence of such
heavy ions would, of course, also suppress the photocurrebllected by the positive slat,
thereby explaining the asymmetry of positive and negativelas.

4. Summary and Conclusions

The DROPPS 1 experiment has greatly improved our understainmy of PMSE and NLC.
In this paper we have reported on new instrumentation that het measured relationships
between NLC and PMSE particulate density variations, in paicular, the good agreement
between PAT and PID sensors. Both sensors respond to UV lighwhich we show is not
an impediment to analysis, but can be understood in terms ohé work function of the
sensors. Once this well understood background is removedrfr the PAT and PID sensors,
both show a clear signal of negatively charged dust in the PNESof about 10,000/cn? if
the grains are taken to be singly charged.

However, there appears to be a strong interaction betweendHarger ice particles of
the NLC and UV light that dominates in the NLC, but has no e ect in the PMSE,
an e ect that has been misinterpreted in the past as positivg charged grains. Theory
doesn't support positively charged dust grains, and now theonsensus is that some other
mechanism is responsible for this anomaly. Two theories ftris charging anomaly have
been discussed, a triboelectric charging by ice grains (Hes, 2006), and a water-enhanced
UV photoemission (Voss et al., 2006). In this paper we havegsented evidence that this
e ect might be better explained by a surface e ect of water tlan a triboelectric e ect.
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