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Abstract. The PULSAUR Il rocket was launched from can be detected in daylight. Compared to other remote sensing
Andgya Rocket Range at 23.43 UT on 9 February 1994 intechniques like UV and visible imaging, based on emissions
a pulsating aurora. In this paper we focus on theesulting mostly from the soft part of the electron spectrum, the X-
observations of precipitating electrons and auroral X-raysays are produced by high energy electrons giving information on
By using models it is possible to deduce the electron enerdlye  energetic precipitation (Robinson and Vondrak, 1994).This
spectrum from X-ray measurements. Comparisons angakes X-ray measurements favourable in the study of energetic
made between the deduced electron fluxes and the directhgctron precipitation.

measured electron fluxes on the rocket. We found the shapeAs balloon and rocket experiments have recorded auroral X-
of the observed and the deduced electron spectra to fit vemys since about 1960, there has been a need for models that calcu-
well, with almost identical e-folding energies in the energyate the X-ray production from electron precipitation. Several
range from 10 keV to ~60 - 80 keV. For the integratednodels using different approximations and simplifications have
fluxes from 10.8 keV to 250 keV, we found a discrepancy ofeen developed in order to calculate the yield of X-rays from elec-
30%. By combining two models, we have found a goodron spectra (Rees, 1964; Kamiyama, 1966; Freyer, 1969; Berger
method to deduce the electron precipitation from X-ragtal, 1970; Berger and Seltzer, 1972; Seltzer and Berger, 1974;
measurements. The discrepancies between calculations &ndmann and Blake, 1977; Wadt al, 1979; Khoseet al., 1984;
measurements are in the range of the uncertainties in tRebinsoret al, 1989; Gorney, 1987). Experiments have been per-
measurements. formed to make simultaneous measurements of electrons and X-
rays (Vij et al, 1975; Mizeraet al., 1978; Goldberget al,, 1982;

. Datloweet al., 1988), and the comparisons between measured and
1. Introduction calculated X-rays have resulted in different degree of agreement.

Pulsaur Il was a sounding rocket aimed at the study of generdgenerally the discrepancies have been a factor between 2 and 10.
ing mechanisms of pulsating aurora and related ionospheric In this paper a combination of two models is used. One model,
effects. The rocket was equipped with instruments to measugeveloped by Berger and Seltzer (1972) and Seltzer and Berger
electrons and ions over a wide range of energies and pitch anglés974), is used to calculate the X-rays emitted into the upward
optical emissions and X-rays, DC and AC electric and magnetitemisphere from a horizontal production layer. To take into
fields, HF-emissions, and electron densities and temperatur@écount the angular distribution of X-rays escaping the atmos-
(Méaseideet al, 1995; Sgraast al., 1995; Stadsnest al., 1995). phere, we have used another model developed by ‘Afzl.

In this paper we will focus on the X-rays and the electror(1979). Taking into account both scattering and absorption, these
measurements. By the combined use of two models, Berger antbdels make it possible to calculate both the angular scattering
Seltzer (1972), Seltzer and Berger (1974) and \&kitl. (1979),it and the energy decrease resulting from the Compton effect.
is possible to deduce the electron precipitation that produces tAéhough these two models also contain approximations and sim-
measured X-rays, and make a comparison between the measupéications, the works of Berger and Seltzer and Walt et al. appear
and the deduced electron fluxes. to be the best so far. Combined with the work of Maehlum and

Precipitating electrons deposit their energy into the atmosphefgadsnes (1967) that accomplishes the transposition from aniso-
by ionization, excitation, heating of the neutral gas and X-rayropic to equivalent isotropic electron fluxes, these models consti-
bremsstrahlung. X-rays are produced by high energy primatyte a complete method to derive equivalent isotropic fluxes and
electrons, while the other energy depositions involve both primargnergy spectra for the angular-dependent precipitating electrons
and secondary electrons over a wide energy range. The numbeifigim angular-dependent X-ray measurements. Our study demon-
X-ray photons i) that are generated by an electron with an initialstrates the possibility to deduce the electron precipitation from X-
energy Eg) slowing down in the atmosphere, is rather small. Foray measurements with a high degree of accuracy.
examplen(200 keV) = 0.0052 and(20 keV) = 0.000057 (Berger
and Seltzer, 1972). Nevertheless, X-ray measurements are v . .
useful in the study of the electron precipitation. One advantage%y The rocket experiment and launch conditions
that X-rays can be detected remotely and information about the Pulsaur Il was launched from Andgya Rocket Range, Norway,
spectra, as well as spatial and temporal structures in the electrioo a pulsating aurora on 9 February 1994 at 23.43 UT (01.23
precipitation, can be obtained. Another advantage is that X-raydLT), during the recovery phase of an auroral substorm.
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From the ground-based measurements of the magnetic fidlile atmosphere than the > 10-keV electrons
and all-sky TV-recordings we see that an auroral substorm The X-ray detector and the photometer respond to precipitating
breakup occurred at about 21.55 UT. The visual aurora brightenetectrons in different spectral ranges, and together they cover a
and expanded northwards. During the next hours strong magnetiide electron energy range.
activity and several intense auroral events were observed. At aboutThe X-ray detector was looking at 135° and the photometer
23.10 UT theH-component of the magnetic field showed thewas looking at 150° to the rocket axis. As the rocket was spinning
strongest negative bayA\fl = -1000 nT) and when the rocket was we achieved measurements from these two detectors in all azi-
launched we measuredH = -656 nT. During the flightAH  muth angles. The spin period of the rocket was 0.5 s. As the sam-
decreased to - 525 nT. Pulsaur Il was launched early in the recopting time was 6.5 ms, we got about 80 samples per spin. This
ery phase of the substorm. gives us information about both temporal variations and spatial
Arc fragments and patches covered the whole sky, and strostructures in the source region of the X-rays and thé &mis-
pulsations were seen. The main structures moved slowly from tts#ons during the whole flight.
south-west to the north-east, while smaller structures moved more The twohigh energy electron detecto(slEED) were looking
rapidly from south-east to north-west. In Fig. 1 the geometry ot 45° and 135 ° relative to the spin axis. They both used Si solid-
the observations and orientation of the detectors are shown as watthte detectors. The detector looking at 135° to the spin axis
as the production layer for the X-rays. worked quite well up to 73-s flight time, but then the fluxes
The X-ray detectorwas a 1-mm thick Nal(Tl) scintillation became too large and the detector saturated. The backscattered
crystal with a photomultiplier tube. A collimator defined the open-electron energy spectra above 20 keV could be measured before
ing angle (16° FWHM) and a broom magnet prevented the pensaturation. From the detector looking at 45° to the spin axis we
tration of high energy electrons (up to about 200 keV) into thebtained integral count rates of precipitating electrons with ener-
detector. There were seven differential energy channels from 5g¢fes above 25 keV with a time resolution of 257 ms.
keV up to 35.4 keV. In addition there was an integral energy chan- The low energy electron sens¢LEES) was a “top hat” elec-
nel detecting energies > 35.4 keV. At 100 keV the scintillatotrostatic analyser based on a similar instrument (Sharber
detection efficiency was 45%. The X-rays measured by this deteet al., 1988) but differing in a number of aspects including the use
tor are produced by electrons with energy greater than 5.6 keV. of MCPs instead of channeltrons. Twenty-four sensors were cov-
The two photometerswith opening angles of about 8° (FOV) ering all directions relative to the spin axis. The opening angle for
measured " and Hy emissions. In this paper the measurementsach sensor was 15° (FWHM). Each sensor had 32 energy chan-
of the N," emissions at 427.8 nm are used. This emission has beaals ranging from 10 eV up to 20 keV. The energy resolution was
found to be a good indicator for the energy flux of the precipitat26%. A programmable high-voltage unit stepped the voltage
ing electrons (Bryanet al, 1970; Omholt, 1971). As this is a simultaneously for all the sensors, resulting in measured energy
prompt emission the ) measurements are very suitable for comspectra (10 eV-20 keV) from all sensors every 288 ms. Conse-
parison with the X-ray fluxes that are also produced immediatelguently, we obtained energy spectra at nearly all pitch angles from
The electrons < 5-10 keV dominate in the excitation of this emisd° to 180°. The LEES detector provided data from about 135 to
sion, since they usually give much higher energy deposited in®60 s flight time.

High Energy Electron Detector 45°,
Low Energy Electron Sensor E.=25 - 250 keV

0 - 180°, ~—
E,=0.01-20.0 keV —

/\ High Energy Electron Detector
135°, E, > 20 keV

X-ray detector 135°,
E,=5.6 - 100 keV

Two Photometers 150°,

N,"- and Hg - emissions

- North
West ‘ Production layer
_
— N
— East
South

Fig. 1. Geometry of the observations and orientation of the instruments on board the rocket. The X-ray production layer is indicated.
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Fig. 2. Electrons (counts / 257 ms): 25 keVi < 250 ke
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158-s flight time

Increasing Intensity

Fig. 3. All-sky TV-picture at 158-s flight time. Projections down to the horizontal production layer are indicated for the scanning paths
of the X-ray detector and the photometers, and down along the field line for the rocket positigrl®hestreakn SE is produced by a

lidar beam.Thesmall red squareare the centre field of view at each centre time of data accumulation for the photometer and the X-ray
detector. Théarge red squareéndicates the location of EISCAT.
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Fig. 4. Electrons (counts/257 ms): 25 keV < 250 keV, X-rays (counts/26 ms): 10.0 ke\Ex < 35.4 keV and N*- emissions
(counts/26 ms) for the time interval 135 to 199-s flight time.
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3. Observations marked in the figure and indicate some correlation between the

Before we present our observations, some remarks concernitnhree panels. This correlation will be discussed in Sect. 5.
P ' gConcerning the intensity, there are some uncertainties. The sen-

the X-ray measurements are required. During the flight mlnlmunsqitivity in the all-sky TV recording is too rough to determine the

ionizing particles contaminated the X-ray detector. As the energ . ' . .
A . . tensity exactly. Furthermore the strongest intensity of light and
deposited by these particles only depends on the thickness of the y Y 9 vy 9

AP L -fays did not appear in the same azimuth sectors at the same
scintillation crystal, the energy deposition peaked around 30 ke y P

resulting in observable gounF rates only in the two uppermo%e azimuth sector and the time-interval, we only know that we
energy channels. The estimation of the background count rates A€asure at roughly the same intensity of light. But we do not

based upon a statistical analysis. By studying the count rates d'l’<rriow if this would be so with respect to the X-ray intensity.

ing the WhOI_e flight in all azimuth sectors,_ we found that the count As a conclusion so far, the detectors measure the same auroral
rates sometimes dropped down to zero in all the energy channe

.sﬁuctures, but we do not know if we have uniform energetic elec-
except for the two uppermost channels. These count rates, whi

. . on precipitation into an area covering both the rocket position
are only observed in the integral channel ( > 35.4 keV: 4 counts/ é : ) . . .
ms) and the upper differential channel (20.8 keV-35.4 keV: nd the azimuth sector where the X-ray detector is looking. This

count/26 ms), cannot be auroral X-rays produced by electron prg-u dsiht;eell(ggtré:sr?;nria\:\élen the comparison between the X-rays
cipitation but must neither be due to a stable energetic backgroung '

source like minimum ionizing particles, and are consequently sub-

tracted. The count rates from these minimum ionizing particles a#f, The models

about 10% of the average total count rates in each channel.

In Fig. 2 an overview plot for the whole flight is shown. In the
upper panel the count rates from HEED (electrons from 25 keV t
250 keV) are plotted, with a time resolution of 257 ms. In the mid-
dle panel X-ray count rates (10 to 35.4 keV) are plotted and in t 1974) and the second model was developed by @ait (1979).

hese models are used to calculate the X-ray bremsstrahlung pro-
bottom panel the B measurements are plotted. The X-ray and . S .
. . duced by energetic electrons that precipitate into the atmosphere.
the N, emission panels are plotted for all azimuth angles.

Irregular and isolated single pulses were observed during tﬁr@ i;:lﬁ:]lit.'()lgssjgatt’tztpnthz%ogas Fr?ke dlcr)]tonac?fcglL:eT:tt:rons Both
time-interval from 125 to 300-s flight time. Continuous and more utip Ing wing dow )

regular pulsations were observed during the time interval frorﬁlasuc and inelastic mteractlo_ns with nuclei aqd _orbltal electrons
In the atmosphere are taken into account. This includes the pro-

360 to 460-s flight time, with typical periods of 3 to 9s. These, "

; s P duction of knock-on electrons as well.

intervals are indicated in Fig. 2. C ing the X- both th ltinle C " tteri
The most intense X-rays occurred in the north-west while th oncerning the A-rays, bo € muftiple ompton scattering

most intense Bl'-emissions occurred in the south-east. The pulseiangular scattering and energy decrease) and photoelectric absorp

and the pulsations were observed most clearly in the south fHPq_s;e éit]i?émo;czcr;;tié scattering (Thomson scattering) is
both the X-rays and the ;N emissions appearing to be in phase, ) fing 9
with each other. included in the work of Walet al. but ignored by Berger and Selt-

. . r. This is critical only for energies below ~10-15 keV, where the
Before a comparison between the directly measured and t . ’ :
otoelectric absorption dominates anyway and does not cause
calculated electrons based on the X-ray measurements can

made, we must make sure that the electron detector and the X-r3 nificant differences between the two models. As we have

detector measure the same structures. If it is possible we oughtr Ostrlcted our calculations to the energy range from 10.8 up to 250

demand measurements at the same intensity of electron precipilt(g-v’ this will not influence the results presented in this paper to a

. . large extent.

tion. From the ground, all-sky TV-recordings of the aurora were . . )
The models are based on the following assumptions and sim-

obtained for the whole flight. By studying the all-sky pictureswe .. "~ "
found that the time-interval from 135 to 199-s flight time, and théﬂ'flcat.'ons' ic el flux | h h

azimuth sector 0° to 30°, properly satisfy these conditions. As we AE |sotrop|9 e.ectrop lux |ntot.e atnp]osp ere. h ke ol
want to make use of all available data, we have chosen a time- The precipitation of electrons into the atmosphere take place

interval when LEES was operating, although the most clear pulsgp',]:/?”rrly rc])wrar e;iWEie arl;ea.f lectron nerate X-r v in
tions were seen later in the flight. onoenergetic beams of electrons generate A-rays only In a

: . . L narrow altitude sheet in the atmosphere.
In Fig. 3 the all- t t 158-s flight t hown. O . . .
_nHg e all-sky picture a S Mignt fime 1S Shown. e While Berger and Seltzer have calculated the X-rays emitted in
pixel covers an area of aboutx2 km. The scanning paths of the

X-ray detector and the photometers projected down to the hmﬂ-]e gpward hemisphere from each unit horizontal area of the pro-
zontal production layer, assumed to be located in 110 km heigh uction layer, Walet al. ha_we calculated _the X-ray fluxes out O.f
are indicated, as is the azimuth sector 0°-30°. The rocket positi%:e atmosphere at specific angles relative to nadir. By applying

Ime (Fig. 2). So, when the all-sky pictures are used for choosing

Two consistent production models are used to deduce the elec-
on spectra from the measured X-ray spectra. The first model was
eveloped by Berger and Seltzer (1972), Seltzer and Berger

projected down to the production layer along the field line is als oth models to our study we were able to take into account the fact

indicated. At this time-interval and in this azimuth sector it is seeﬁ at the' ?('ray detector was looking down on the production layer
specific slant angles.

. t
that the X-ray detector and the photometers are looking close f0 )
y P 9 To calculate the yield of X-rays from electrons, the model of

the rocket position, projected down to the production layer, an . .

measuring the same structures n the aurora ergerand etz uses 2 Monte o s based nanalt
In Fig. 4 this azimuth sector is indicated in the X-rays and N ioned V\Fl)altet al ha\?e used analytic solutiong to calculaté/ the

emission panels. As irregular pulsations were observed in th‘s ) ) y

o o . ) ._production of X-rays, giving almost identical results to the Monte
time-interval, it is possible to examine the degree of correlatloﬁ
arlo model of Berger and Seltzer.

between the different measurements. The pulse maxima are )
P To calculate the penetration of the X-rays through the atmos-
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Fig. 5. The X-ray energy spectrunP(E,)/j,, normalized to 10-9

incident integral electron flux j§), produced by different - 140°
exponential electron distributions, calculated from the electro 3 1600:
differential energy spectréE,, is the electron e-folding energy - ,
(Seltzer and Berger, 1974) - 180"~
. . . 10-10 1 1 i 1 i 1 i 1 i 1 !
phere, the scattering effects and photoelectric absorption we 0 20 00 20 100 120

taken into account by a Monte Carlo simulation in both models.

Assuming an exponential shape of the electron energy spec- Ex, keV
trum, Seltzer and Berger calculated the resulting spectrum of the
X-rays above the atmosphere, as shown in Fig. 5 (Seltzer afdy. 6. Differential X-ray flux normalized to unit directional
Berger, 1974). As seen, these spectra are also approximately expwident integral electron fluxd,,(E,,0)/j,, produced by an
nentials. We have used a simple exponential to represent theseeponential electron distribution with an e-folding energy of 20
ray spectra. As the lower part of these spectra are used to calculk®/, for nadir angles 100°,120°,140°,160° and 180° (Walt
the X-ray e-folding energies, we get a slight overestimate for thet al., 1979).
effective electron e-folding energies for high energies. The error
introduced will be discussed. 180° to 110° nadir angle.

From Fig. 5, we find the X-ray spectruf@(E, )/j, emitted in In Table 1 the X-ray fluxes at 50 keV, normalized to incident
the upward hemisphere from each unit horizontal area of the printegral electron fluxes, are listed for five different electron e-fold-
duction layer as a function of electron e-folding energy and noing energies. From Berger and Seltzer we have found the calcu-
malized to the incident integral electron flyg) ( lated X-ray flux integrated over the upward hemisphere and from

Then we apply the model of Wadt al. (1979) to find the X-ray Walt et al.we have found the calculated X-ray fluxes at 135" nadir
yield in the direction of the FOV of our X-ray detector. In our cho-angle.
sen azimuth sector (0°-30°) and time interval (135-199-s flight As Waltet al.calculated the directional X-ray fluxes at specific
time) the detector was looking at X-rays coming up at elevationadir angles and Berger and Seltzer calculated the X-ray fluxes in
angles of 33.4° to 54.3°. The centre elevation angle is close to 48fe upward hemisphere per unit horizontal area, the values from
which corresponds to 135° nadir angle in the model of Whadl. ~ Berger and Seltzer must be divided tito be comparable to the
(1979) values calculated by Wadtt al. (1979). In Fig. 7 the reduction fac-

In Fig. 6 the X-ray spectra produced by electrons with an etors are plotted as a function of electron e-folding energy. We have
folding energy of 20 keV, calculated by Wadit al. (1979) are interpolated linearly between our five values
shown. The X-rays emitted at five different nadir angles are calcu-
lated showing a factor-10 increase in the X-ray flux going from
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Table 1. The X-ray fluxes at 50 keV normalized to unit-directional incident integral electron fIisS&80 keV)j,] are from the work
of Berger and Seltzer ar{@,,(50 keV,135°%j,,] are from the work of Walet al. The column to the right gives the ratio i.e. the reduction
factor for each electron e-folding energy going from X-ray fluxes isotropically emitted into the upward hemisphere to X-ray fluxes at

135° nadir angles.

Ratio
Electron E-folding [D(50 keV)ly] (keVv'h) [$,(50 keV,135%),] (keV'l) Berger and Seltzer to
Energy (keV) Berger and Seltzer Walt et al. 135° Walt et al135°
10 4.7x10°8 2.6%109 18.1
20 1.3% 10°° 9.5% 108 13.7
50 1.3x 10° 1.2x 100 10.8
100 4.1% 10° 8.9%x10° 46
200 1.0x10% 1.6%10° 6.3
Table 2. Absorbed 20 keV electrons (Maehlum and
Stadsnes, 1967)
Ratio — Reduction Factor oq-05 Absorbed electrons 20 keV
as a Function of Electron E—folding Energy (%)
(Berger and Seltzer to Walt et. al)
20 0°-10° 86
10° - 20° 85
20° - 30° 83
30° - 40° 80
151
40° - 50° 75
_ 50° - 60° 67
s
8 60° - 70° 56
5 . o
£ 1ol 70° - 80 40
2 80° - 90° 25
x
g

ity of other shapes of the spectrum after the calculations and com-
parison are made. This will be discussed in Sect. 7..

In order to satisfy the requirements concerning the input
] parameters used in the models, we have carried out some calcula-
: tions. First, we reconstructed a pitch angle distribution for the
i HEED data, assuming this distribution to be identical to the pitch
angle distribution of the electrons from 13.8 keV to 22.6 keV
measured by the LEES detector (the energy range of the two
uppermost channels in the detector).

Second, we calculated a full pitch angle distribution for the

Fig. 7. The reduction factor for calculating the X-rays emitted a{ntermedl_ate energy interval from 22.6 to 25.0 keV assuming
exponential energy spectra above 20.0 keV.

135° nadir angle (Walet al., 1979) from the X-rays emitted into ; . o
gle ( ) Y In Fig. 8 we see that the pitch angle distributions for electrons

the upward hemisphere (Seltzer and Berger, 1974). The reduction

factor is interpolated linearly between our five values fronft 9.6 keV and 20.0 keV are obviously anisotropic. As the models

are based upon the assumption of isotropic electron precipitation
Table 1. . . I ;
in the downward hemisphere, we have eliminated this source of
discrepancy by calculating an equivalent isotropic distribution, i.e.
the isotropic distribution that results in the same energy deposition

5. Applying the model to our study
. in the atmosphere as the anisotropic distribution. In this calcula-
Based on the data from the LEES detector, we derived the elec- P . P .
. .~ “tion we have taken into account the backscattering of the electrons
tron spectra from 0.1 keV up to 20 keV. As we only obtained inte- . . . -
as a function of different pitch angles assuming that the 20-keV
gral count rates from the HEED detector above 25 keV, we o
elt?ctrons can represent the whole distribution. From Maehlum and

estimated the spectrum above 20 up to ~250 keV, assuming trE}?ldsnes (1967) we find the percentage of absorbed 20-keV elec-

the spectrum in this range could be represented by an exponeng%nS at 30°, 60° and 80° pitch angles. Interpolating between these
function. As we have no spectral measurements above 20 keV our . . .
lues, we get the values in Table 2. The effect of an isotropic flux

; - . . .V
approach will be to make this assumption and discuss the p035|b|f’j-1 . . . . .
crossing a horizontal unit area is considered as well.

0 N N N I

0 50 100 150 200
Electron E-folding Energy (keV)
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PULSAUR Il Launched 23.43 UT 9. February 1994
Counts Sensor 1 — 24 , Energy Channel 9585 eV (Centre Energy)
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Fig. 8.Pitch angle distribution for electrons measured by the LEES detector: 9.6 keV and 20.0 keV (centre energies of the channels).

After proceeding like this, we are able to use the X-ray meas-
Electron E—folding Energy (Interpolated) urements from 10.8 keV up to 100 ke\_/ to deduge the _electror_l
Berger and Seltzer) spectra above 10.8 keV and compare with the equivalent isotropic
200 ‘ ‘ ‘ A electron flux spectra deduced from measured electrons from 10.8
[ ] keV up to 250 keV.

150 -

100 - 1 6. Calculation of electrons from X-ray

i ] measurements

50 -
i ] In deducing the electron spectra from the X-ray spectra, we

oL ‘ ‘ ‘ L have used a sum of two exponential functions using a least square

0 10 20 30 40 method to represent the measured X-rays, according to Eq. (1).
X—ray E—folding Energy F,, (keV)

Electron E—folding Energy E,, (keV)

X—ray Flux at 10 keV, 135° Nadir Angle P(Ex 135 = §018xP(=Ey/ Eoy) + 9028XP(-Ex/Egp) (1)

(Berger and Seltzer — Walt et. al)

2.0x1074T ‘ ‘

From the modelled X-ray spectra in Fig. 5, we have calculated
the X-ray e-folding energyg,, as a function of electron e-folding
energy forEye = 0 up to 200 keV. Interpolating by using a third-
order polynomial approximation and using the X-ray e-folding
energy as the abscissa, we get the plot in Fig. 9, upper panel. As
we have represented the X-ray spectra obtained by Seltzer and
Berger (1974) by a simple exponential and used the lower part of
1 the X-ray spectra to calculate the X-ray e-folding energies, the
0 0 20 0 20 slope of the graph should not be as steep as shown in this panel.

X—ray E=folding Energy (keV) For the high energies we get a slight overestimate of the electron
e-folding energies. In Fig. 9, lower panel, the same calculation is
carried out for the X-ray flux produced at 10 keV as a function of
R-ray e-folding energyE,,. This flux is normalized to the inci-
dent integral electron flux and reduced to get the flux at 135° nadir
angle, giving b, (Eoy 10, 135°%),,]. It should be noted that X-ray

1.5x1074F

1.0x1074F

5.0x107°F

?u(E,n 10 keV,135°) /i,

Fig. 9. Upper panelCrosses electron e-folding energies versus
X-ray e-folding energies as calculated from X-ray spectra give
by Berger and Seltzer, shown in Fig.Solid Line interpolation
and extrapolation foE,, = 0-43 keV givingE,e up to 200 keV,

using a third order polynomial approximation. Lower panel: Th ! .
X-rays produced at 10 keV as a function of X-ray e-folding lux at 10 keV is almost independent of the spectral hardness for

- lectron e-folding energie. > 25 keV, because the expected
energies. Crossesare the values deduced from Seltzer anda 9 giefoe ’

- in the X-ray flux due to the harder elect trum i
Berger, 1974 and Wakt al., 1979 Solid Lineis the third order increase n the A-ray fitx due fo Ihe harder electron spectrum I3
S : . partly cancelled out by the increasing preference of horizontal
polynomial interpolation and extrapolation.

escape for increasing X-ray energies. From these panels we find
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the Ege and[,,(Eoy 10,135°),,], when we have foundt,, from  However, from the detector looking at 135° relative to rocket axis,

the measurements. we obtained the electron spectra before 73-s flight time for back-
By following the procedure and using the equations describestattered electrons above 20 keV. The rocket height was then 98

by Berger and Seltzer (1972), the differential electron flux calcukm, i.e. above the height where the energetic electrons are

lated at 0 keM, is given by Eq. (2). absorbed. In Fig. 12 the 1-s-averaged spectrum at 72-73-s flight
] ) time is shown. We do not know whether this spectrum is repre-

- Jo - lvi: ¢ (10, 139 @) sentative for the spectra later in the flight. Nevertheless from this
€ mlEy Ege [0,(Egpw 10 139/j,] (Eqe spectrum we can estimate three e-folding energies above 20 keV,

as indicated in the figure. Below ~50 keV we estimate an e-folding

The integral electron flux from 10.8 keV to 250 keV is thenenergy of ~10 keV' above ~90 keV we estimate an e_f0|ding
given by Eqg. (3). energy of several hundred of keV’s and in the intermediate energy
range we estimate ~30 keV. As this hard tail is observed every sec-

ond early in the flight the spectrum shown in Fig. 12 strongly indi-

cates that the electron spectra above 20 keV cannot be represented

only by one exponential, but maybe by two exponentials or a dif-
ferent function, corresponding much better with the electron spec-
= J' Nco18XP(—Eo/Egre) + I Nc02eXP(—Eo/ Egoe) tra we deduce from the X-ray spectra. From the electron spectra in
Fig. 10, it is obvious that a small softening of the spectra above 20

.n.(10.8<E, <250 6) 3)

250 250

10.8 10.8

keV will leave enough integral counts to incorporate a hard tail of
. . _the spectrum. This is clearly seen from both the electron spectra at
_In Fig. 10 the X-ray spectra measured at 167- and 175-s flights; ° 4 175 ¢ flight time, and from the middle panel in Fig. 11.
t!me are shown in the two upper panels. Each of the two exponen- Our method seems to give a good match between measured and
t!al approximations are shown by the dotted lines, and the daS'Il]ee(;'{lculated electrons. Regarding the discrepancies in the magni-
line shows the supenmposed spectrum. Ir.] the bottom panel tﬁ?de of fluxes and the shape of the spectra they do not exceed the
calculated (dotted lines) and measured (solid line) electron SPECUR ors due to the uncertainties in our measurements and the geom-
(Ee>~10 keV) are plotted. Comparing the measured and theetr of the source region
deduced electron fluxes we find that the shape of the spectrum an hese uncertaintigs a.re mainly covered by the following
the magnituqle of the fluxes coincide q.uite wgll up to ~60-80 keV,. We do not know if we were looking at the same intensity.of X-
.bUt above this energy we get a hard tail resulting from the hard t.arltl;lys in the chosen sector as in the rocket position. We only know
in the measured X-rays. AS we used only one exponential functlcmat the intensity of the light recorded by the all-sky camera seems
to represent the electron integral count rates above 25 keV, tf}lés be uniform in these two areas. This may account for some
hard tail will not be present in the deduced spectra from the elec- : . ' y
tron measurements errors in our calculations.
The results of thé comparison between integral fluxes deduced From the calibration of the sensors in the LEES detector, we
p integ &Row that the count rates from the least sensitive to the most sen-
from measured electrons and calculated integral electron fluxgﬁive sensor mav varv by about a factor of two. As the choice of
from differential X-ray spectra, are shown in Fig. 11. y vary by ’

The main results from Fig. 10 and Fig. 11 are listed in Table 3un|t sensor is close to the average sensitivity, the uncertainty is set
to 30% of the measured fluxes.

In the third panel of Fig. 11, where the directly measured X- Regarding the X-ray measurements there are some uncertain-
rays and the directly measured electrons are compared, we gett a o
correlation coefficient of 0.64. Using the models and comparini€s connected to the determination of the energy thresholds of the

e 9 . P gr}annels. This may lead to errors concerning both the spectral
the calculated and the measured electrons gives a correlation coéf-

- . ..~ shape and the flux. The low-energy channels are most sensitive to
ficient of 0.60. We may conclude that the correlation coefficient I?hispeﬁect as these energy bandsg;/re very narrow

maintained. T I

The calculated electron fluxes are 1.27 times as high as the There are also some uncertainties in the determination of the
directly measured electron fluxes. This is the averaged ratio for ﬂl]%wer energy threshold for the integral electron (HEED) detector.
time interval from 135 to 199-s flight time.

Regarding the e-folding energies in the middle panel of Fig. 1I7. Discussion and conclusions
there is a very good match between the soft part of the calculated . . . S .
spectra and the derived spectra from the measurements assumin imilar comparisons between precipitating energetic electrons
that the integral count rates can be represented by only one exﬁ’tg]- X_-rayst I:\ave bbeen. perf(t)_rmtedd tt))y e(})tf[_hlersl.ggsat'atgrom ? rocket
nential function. We achieve very good match for both the sha| %)ipznt?:er;( ave eeg lnvssblga ed by '(Jja I( " ); they calcu- ;
of the spectra and the magnitude of the fluxes below ~60-80 keV. ed the A-rays produced by measured electron energy spectra.

There is only one significant difference in the comparison. As w%y estimating different val_ues for the constant in the thick target
have observed a hard tail in the X-ray spectra, we get a hard tail‘ eory, they got the best fit between measured and calculated X-

the deduced electron spectra, as seen both in the bottom panelgaéllS above 15 keV, with uncertainties of a factor of 10. Mizera

Fig. 10 and the middle panel of Fig. 11. As a hard tail in X-rayset al. (1978) investigated satellite measurements. They calculated

may be produced by a few energetic electrons, the calculated in?)%:ray spec;ra from elect(;on spectra.t Cg) r:]p&}tr;]son Wltth .mt.easurfed
gral electrons are not necessarily much affected by this. -fay spectra gave good agreement, but with uncertainties ot a
. r];{;\ctor 2-3. Datloweet al. (1988) have also analysed satellite meas-

the hard tail in the X-ray spectra, may indicate that the eIectroHrememS of bremsstrahlung X-rays obtained over the auroral

spectra above 25 keV cannot be represented by only one exponé ions. X-ray spectra were measured in 20 energy channels in the

tial function. As we do not have spectral measurements above 504_0 keV range. ItEIectron p(;eellﬁlta)t(lng nto trle reglonf of );';ayb
keV in this time-interval, we are not able to examine this directly.emlssIon were not measured. The X-ray Spectra were found to be
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Fig. 10. The two upper panels: X-ray energy spectra for 167- and 175-s flight time, in lin-log Scéil¢:line measurements in azimuth
sector 0° to 30°, with error bars (statistical fluctuations) indicated. The channels 10.0-12.3 keV and 12.3-15.8 keV abotddditie

two exponential approximationBashed linethe two exponential approximations added. The two lower panels: electron energy spectra
for 167=and 175-s flight time fdE, > 10.8 keV.Solid line measurements, with error bars (30%) indicat@dtted line the calculated
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electron spectra calculated from the two-exponential approximations of the X-ray spectra.
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PULSAUR Il Launched 23.43 UT 9. February 1994
Calculated Electrons from X—ray Differential Spectrum
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Fig. 11. Calculated electrons from differential X-ray spectra and directly measured electrons, equivalent isotropic integral fluxes. Upper
panel:Solid Line electrons integrated from 10.8 keV to 250 keV, calculated from X-ray differential spectra (5.6 - 100 keV) measured in
the azimuth sector from 0° to 3Mashed Linedirectly measured electrons, integrated from 10.8 to 250 keV. Middle psol,lines

electron e-folding energy, calculated from the X-ray measurements, both the soft and the hard part of the dpasivenirlinederived

electron e-folding energy, assuming that the integral count rates above 25 keV can be represented by only one exponential function.
Lower panel,ssolid line normalized (to maximum count rate) measured X-rays from 10.0 to 35.40a$hed Line normalized (to
maximum count rate) measured electrons from 10.8 up to 250 keV.
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Table 3. The main results from Fig.10 and Fig.11

Electrons: measured
to calculated
(10.8 - 250 keV)

Correlation coefficient 0.60
between calculated and measured
integral electrons

Correlation coefficient 0.64
between directly measured
integral X-rays and electrons

Flux ratio 1.27

E-folding energy below ~60 - 80 Very good agreement
keV, derived from measurements

and calculated from the soft part

of the X-ray spectrum

Electron Energy Spectrum
E, > 20 keV (135 degrees to rocket axis)
1 second averaged
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dependent X-ray measurements.

In deducing the electron spectra from the X-ray spectra, we
have used a sum of two exponentials to represent the measured X-
rays. This was found to represent the X-ray spectrum quite prop-
erly and is also reported from other rocket X-ray measurements
during early recovery phase (Goldbetal., 1982).

We have transposed the anisotropic fluxes to equivalent iso-
tropic fluxes of electron precipitation, using results from the work
of Maehlum and Stadsnes (1967), as the models assume isotropic
fluxes of the electrons.

We have combined two models, i.e. the model developed by
Berger and Seltzer (1972) and Seltzer and Berger (1974) and that
developed by Walet al. (1979). By doing this we were able to
take into account that the X-rays are not emitted isotropically
from the production layer. The preference for horizontal escape
angles is significant for all energies and most pronounced at the
higher X-ray energies.

Following this procedure we have obtained a combined model
deducing electrons from X-rays. The discrepancies in our calcula-
tions do not exceed the errors due to uncertainties, resulting from
the instruments and the geometry of the observations.

Although our results show satisfactory agreement between
observed and derived electron fluxes and spectra, there are still
shortcomings in the inversion technique.

In the paper of Walkt al. (1979) the angular distribution of X-
rays propagating out of the atmosphere is given only for five dif-
ferent e-folding energies of the electron spectra. In the inversion
process one thus had to interpolate between these distributions and
this introduces some uncertainty.

The theoretical models of Berger and Seltzer and \&hl.
assume an exponential shape of the electron energy spectrum.
This is clearly an idealization of the real shape of the electron
energy spectrum which sometimes may be fairly good but in other
cases not so good at all.

Berger and Seltzer and Wadt al. assumed isotropic fluxes of
precipitating electrons. In our case we observed an anisotropic
electron precipitation. In our calculations of the equivalent iso-
tropic electron distribution, we have assumed that the X-ray pro-
duction from monoenergetic electrons is proportional to the
number of electrons absorbed in the atmosphere. We do not know
how good this assumption is.

Both Berger and Seltzer and Wealt al. assume homogeneous
electron precipitation over wide horizontal areas. This is most
often not the case in reality and it is clear that the geometry of the
electron precipitation regions will influence the angular distribu-
tion of the X-rays leaving the atmosphere. Assuming uniform pre-
cipitation, the van Rhijn effect will influence the calculation of the
angular distribution of X-rays to a large extent. In the case studied

Fig. 12. Electron energy spectrum, backscattered at 72-s fligl this paper we observed both arc fragments and patches, and as

time. One second averaged.

the detector was looking at slant angles at the source region the
van Rhijn effect will be different from the uniform precipitation
case, causing some uncertainty in the calculations.

consistent with both an exponential and a Maxwellian form of the The e-folding energy obtained for the hard tail in the electron
incident spectrum (approximately equal goodness of fit). Energspectra are somewhat overestimated as we have represented the X-
deposition and ionization rates resulting from the inferred electromy spectra obtained by Seltzer and Berger (1974) by a simple

spectra were calculated.

exponential.

In our study we have deduced electrons, 10.8 to 250 keV, from We conclude that, by using proper inversion procedures,
measured X-rays. Compared to the directly measured electrons vgnote measurements of X-rays is a powerful technique to derive
found a discrepancy of about 30%. These good results are prigre spatial, temporal and energy distribution of the energetic elec-
vided by the combined use of different works that constitutes gon precipitation. From this distribution it is possible to calculate
complete method to derive equivalent isotropic fluxes and spectfide energy deposition into the atmosphere, as well as the ioniza-
for the angular dependent precipitating electrons from angulafion and the conductivity changes by the electron precipitation.
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This technique can be used at daytime as well as at night-time. Khosa, P. N., Rausaria, R. R., and Moza, K. L.. Spectrum, angular distri-

Recently the PIXIE X-ray camera on the NASA POLAR satel- glitiog;nldggzlarization of auroral hard X-rays. Planet. Space Sci., 32,
lite (Imhof etal, 1995) launched in Febrl.Jary.1996, _has Obta'neguhmann, J. G. and Blake, J. B.. Calculations of soft auroral bremsstrahl-
global images of the auroral X-rays. This will provide a unique g and Ka line emission at satellite altitude. J. Atmos. Terr. Phys., 39,
tool for making progress in the study of the dynamic interaction 913-919, 1977.
between magnetospheric high-energy electrons and the iori‘daeﬁlum, B.and Sta?lsneSbJH- S_C&ttﬁring and g?g?fgtlignlozfzfaigzsmons in

; ; the upper atmosphere. Physica Norvegia, , -122, .
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