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This paper presents direct observation of the impact of the lithium releases on the ionospheric electron density
during the WIND (wind measurement for ionized and neutral atmospheric dynamics study) campaign conducted
on 2 September 2007 in Japan. The direct observation is unique in that the electron density enhancement was
observed by using the NEI (number density of electrons by impedance probe) which can measure accurately
the absolute value of the electron density, and the distance between the NEI and the LES (lithium ejection
system) was very close (several tens of meters). Data analyses of the NEI on-board the sounding rocket S520-23, which was launched from Uchinoura (31.3◦ N, 131.1◦ E) at 19:20 JST (JST = UT + 9 h), clarifies
that lithium releases performed in the descending phase increased the electron density up to approximately
7 × 105 cm−3 . A simple model calculation performed under the assumption that the increased electron density
equals the photoionized lithium ion density indicates that the observed electron density enhancements cannot be
explained by considering each lithium release as an instantaneous one, but rather by considering a convolution
of very short-time intermittent releases. The model calculation is verified by comparison with the observation of
the lithium resonance scattering light from the ground.
Key words: Ionosphere, impedance probe, electron density, chemical release.

1.

Introduction

It is important to investigate expansion processes of released materials and its impact on the background physical quantities in space, since chemical releases enable us to
observe physical values such as the thermospheric neutral
wind and the electric field which are difficult to be observed.
This is one of the reasons that the chemical release is a
subject which has been extensively studied for many years
(e.g., Ma and Schunk, 1991; Schunk and Szuszczewicz,
1991). In the ionosphere, it has been well known that the
electron density is dramatically affected by chemical releases (e.g., Lloyd and Haerendel, 1973; Ma and Schunk,
1991; Schunk and Szuszczewicz, 1991; Szuszczewicz et
al., 1993). While many sophisticated simulations have been
performed to date, some observations of the chemical ion
density which accompanies release experiments have been
reported to be roughly consistent with simple model calculations (e.g., Hunton, 1993; Szuszczewicz et al., 1996).
Hunton (1993) reported that the barium ion density calculated from his model based on a spherically symmetric,
collisionless and Gaussian neutral barium shell agreed reasonably well with that observed from the ion spectromec The Society of Geomagnetism and Earth, Planetary and Space SciCopyright 
ences (SGEPSS); The Seismological Society of Japan; The Volcanological Society
of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences; TERRAPUB.
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ter (QIMS) on-board the CRESS satellite for the G-12 release experiment. In their experiment, the distance from
the barium canister and QIMS was taken to be 4.2 km.
Szuszczewicz et al. (1996) reported the in-situ observation
of the artificial multi ions during the El Coqui rocket campaign in which the distance from the canisters to the onboard instruments was approximately several hundred meters. They found that the observations generally agreed with
a simple spherical free expansion model except for multipeak characteristics due to the ion gyro-motion. The distance from a release point to a sensor is one of the important
parameters of the chemical release experiment because the
distance concerns what time stage of the expansion process
we can observe.
On 2 September 2007, a sounding rocket experiment referred to as the WIND (wind measurement for ionized and
neutral atmospheric dynamics study) campaign was conducted in Japan to clarify the interaction process between
the ionospheric plasma and the thermospheric neutral wind
through a direct observation (Watanabe et al., in preparation). In the WIND campaign, a lithium release experiment
was conducted in the descending phase to estimate the thermospheric neutral wind by observing the motion of the released lithium cloud from the ground (Yamamoto et al., in
preparation). While the primary purpose of this release experiment is to estimate the thermospheric neutral wind, it
provides an opportunity to perform an in-situ observation of
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the impact of the lithium release on the ionospheric electron
density. The direct observation during the WIND campaign
was unique in terms of the method of the electron density
observation and the distance from the sensor to the release
point. The electron density enhancement was observed by
using the NEI (number density of electrons by impedance
probe) developed by Oya (1966) which can measure accurately the absolute value of the electron density, and the distance from the LES (lithium ejection system) to the NEI
was very close (several tens of meters). There were no
lithium release experiments in which the electron density
was observed using the NEI with such a very close distance
from the sensor to the release point. The purpose of this
paper is to evaluate quantitatively a lithium release impact
on the ionospheric electron density enhancement with such
a close distance observed during the WIND campaign. In
the following sections, we discuss the observed characteristics of the electron density enhancement after summarizing an overview of the lithium release experiment during
the WIND campaign, and suggest that the observation can
be reasonably explained by considering the convolution of
very short-time intermittent releases using a simple spherical free expansion model.

2.

Instruments

The ionospheric electron density structure is strongly affected by the thermospheric neutral wind through their interaction, such as the ion-drag and the dynamo processes
(e.g., Rishbeth, 2000; Heelis, 2004). At night especially,
their interaction has been believed to be one of the key factors for controlling the ionospheric irregularities, such as
the meso-scale travelling ionospheric disturbance (MSTID)
in the mid-latitude ionosphere (e.g., Shiokawa et al., 2003)
and the plasma bubble in the equatorial ionosphere (e.g.,
Abdu, 2001). To evaluate the interaction between the ionosphere and the thermospheric neutral wind through direct
observation, the sounding rocket experiment referred to as
the WIND campaign was conducted on 2 September 2007
in Japan.
To measure the absolute value of the ionospheric electron density, the NEI was installed on the sounding rocket
S-520-23 in the WIND campaign. The speciﬁcation of the
NEI is summarized in Table 1. The NEI applies RF signals
to a probe immersed in plasma and measures an equivalent capacitance (c( f )) which depends on the frequency of
the RF signals. It has been well known that c( f ) becomes
minimum at the upper hybrid resonance (UHR) frequency
( f UHR ) without depending on an angle between the probe
and the magnetic ﬁeld and a sheath surrounding the probe
when plasma is assumed to be collisionless (e.g., Balmain,
1964; Oya and Obayashi, 1966; Suzuki et al., 2010, this issue). f UHR is a function of the plasma frequency ( f p ) and
2
= f p2 + f c2 ,
the cyclotron frequency ( f c ) deﬁned as f UHR
thus the electron density can be obtained by substituting f c
calculated from a magnetic ﬁeld model, such as IGRF. A
typical value of the measured c( f ) is in the order of pF,
thus cancellation of a stray capacity in the electro circuit
is important for high accuracy measurement of the electron density. To cancel out the stray capacity, as described
in Wakabayashi et al. (2005), the c( f ) detection part of

Table 1. Speciﬁcation for the NEI instrument on-board S-520-23.
Probe

BeCu, 1.2 cm dia., ~1.0 m length

Frequency Range

300 kHz-12 MHz

Dynamic Range of Electron Density

~103-2 x 106 el/cm3

Dynamic Range of Equivalent Capacitance 1-1000 pF
Sweep Repetition Period

500 ms

the NEI consists of a condenser bridge circuit in which a
dummy cable is connected to the opposite side of the probe.
The NEI installed on the S-520-23 is identical with that installed on the S-310-35 described in Wakabayashi and Ono
(2006) except that the electro circuit of the NEI was packaged with the PWM (plasma and wave monitor) in one box.
To avoid interference of the local signals between the NEI
and the PWM, each local signal was designed to be synchronously swept. The most signiﬁcant factor for the accuracy of the f UHR detection is a read out error which depends on a frequency step of the RF signals as described in
Wakabayashi and Ono (2006). The frequency step of the
NEI on-board S-520-23 was selected to keep the read out
error within 4% for the electron density range above 104
cm−3 . The NEI probe was installed at 53 cm from the rocket
apex. Then, in the ascending phase when the rocket velocity vector and the spin axis are almost parallel, the wake of
the rocket body does not signiﬁcantly inﬂuence the electron
density measurement, while in the descending phase, it inﬂuences the measurement synchronizing with a rocket spin
rate of approximately 1 Hz (see Fig. 3).
The LES consists of three canisters with each canister
containing solid lithium of 130 g. Each canister was designed to gasify and release the lithium individually by thermite process within 10±5 s at approximately 10 s after receiving an ejection signal. The released lithium resonance
scattering light of a 670.8 nm wavelength was observed
using CCD imagers synchronously from Shionomisaki
(33.5◦ N, 135.8◦ E), Miyazaki (31.8◦ N, 131.4◦ E), Uchinoura
(31.3◦ N, 131.1◦ E) and Amami (28.5◦ N, 129.7◦ E). The sampling rate and exposure time are 8 s and 4 s for the time period from 373 s to 478 s after the launch, 20 s and 15 s for
the period from 494 s to 1229 s, and 60 s and 30 s for the period from 1299 s and 3344 s, respectively. The details of the
LES system, ground observation of the lithium resonance
scattering light and the other on-board instruments are provided in Yamamoto et al. (in preparation) and Watanabe et
al. (in preparation).

3.

NEI Observation

The sounding rocket was launched from Uchinoura at
19:20 JST (JST = UT + 9 h) on 2 September 2007 and
reached its apex altitude of 279.4 km at 268 s after the
launch (Fig. 1). The probe of the NEI was extended at
the altitude of 81.8 km at 56.5 s after the launch, and the
NEI successfully measured c( f ) during the rocket ﬂight
after the probe extension. The LES was separated from the
rocket body on which the NEI was installed around the apex
altitude at 358 s after the launch with the separation velocity
of approximately 0.5 m/s. After the separation, the lithium
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Fig. 1. Trajectory of the sounding rocket, S-520-23 with the ﬂight events related to the NEI observation and lithium releases. It should be noted that
each lithium release in the panel is just a scheduled one, and that there were some differences between the scheduled and actual releases.

release experiment was conducted. As shown in Fig. 1,
three lithium releases were scheduled to start at 363 s, 403 s
and 444 s after the launch. Hereinafter, these releases are
referred to as L1, L2 and L3 in this paper, respectively. The
distances between the NEI and the LES for L1, L2 and L3
are estimated from the separation velocity as approximately
7.5 m, 27.5 m and 48.0 m.
Figure 2 shows the examples of the measured c( f )
curves. Figure 2(a)–(d) (left panels) shows the measured
c( f ) curves in the ascending phase, while Fig. 2(e)–(h)
(right panels) shows them in the descending phase. These
panels are arranged as each pair of c( f ) curves in a row was
obtained at approximately the same altitude. Before L1, the
c( f ) curves are not disturbed around f UHR , and f UHR can
be accurately identiﬁed as noted by the arrows in Fig. 2(a)–
(e), while after L1, the c( f ) curves are heavily disturbed,
and many c( f ) curves from which f UHR cannot be accurately identiﬁed were obtained. Figure 2(g) is an example
of the heavily disturbed c( f ) curves. As shown in Fig. 2(g),
severe noises with a large amplitude are superimposed on
the c( f ) curve around f UHR preventing the determination of
f UHR accurately. It should be noted, however, that f UHR can
be seen around the frequency of 3.5 MHz in Fig. 2(g), and
this frequency is clearly higher than that in Fig. 2(c). On the
other hand, some c( f ) curves from which f UHR can be accurately identiﬁed were obtained even after L1 as shown in
Fig. 2(f) and 2(h). f UHR shown in Fig. 2(f) and 2(h) is also
clearly higher than that shown in Fig. 2(b) and 2(d), respectively. These facts imply that the lithium releases increased
the electron density.
Figure 3 shows the altitude proﬁles of the electron density deduced from f UHR in the ascending (left panel) and
descending (right panel) phases which depict the whole picture of the electron density enhancement in the descending
phase. Each opened red circle with an alphabetical notation

corresponds to the altitude at which each c( f ) curve shown
in Fig. 2 was obtained. It should be noted that the electron
density proﬁle in the descending phase is composed of only
the c( f ) curves, such as those shown in Fig. 2(f) and 2(h)
in which f UHR can be accurately identiﬁed. In other words,
the heavily disturbed c( f ) curves, such as those shown in
Fig. 2(g), were excluded. In the altitude range above approximately 240 km, the electron density proﬁle in the descending phase is periodically modulated, and its amplitude
is larger than that in the ascending phase. This modulation
is due to the wake effect of the rocket body mentioned in
Section 2. On the other hand, it can be noted that the local
peaks of very high electron density are seen in the altitude
range below 240 km in the descending phase. These peaks
are not due to the wake effect because the electron density is
extremely high compared with that in the ascending phase.
In the following section, we suggest that these observed
electron density peaks are caused by the lithium releases by
performing a simple model calculation and by comparison
with the luminosity proﬁle obtained from the ground observation of the lithium resonance scattering light.

4.

Analysis and Discussion

4.1 Deduction of electron density variation
At ﬁrst, we deduced the increased value of the electron
density caused by the lithium releases (n e ) based on the
assumption that the electron density in the descending phase
would be same as that in the ascending phase if the lithium
release experiment had not been conducted. This assumption appears to be valid since both the electron density proﬁles in the ascending and descending phases are almost
identical in the altitude regions above 240 km where the
electron density was obtained before starting the lithium releases and below 120 km where the lithium releases seemed
not to have affected the electron density. Based on this as-

100
10
1
0.1
2

1000

Ascent

4
6
8
10
Frequency (MHz)

12

Alt. 224.1 km
(b)

100
10
1
0.1
2

1000

Ascent

4
6
8
10
Frequency (MHz)

12

Alt. 190.4 km
(c)

100
10
1
0.1
2

1000

Ascent

4
6
8
10
Frequency (MHz)

12

Alt. 139.8 km
(d)

100
10
1
0.1
2

4
6
8
10
Frequency (MHz)

12

Equivalent Capacitance (pF)

Alt. 261.1 km
(a)

Equivalent Capacitance (pF)

Ascent

Equivalent Capacitance (pF)

Equivalent Capacitance (pF)
Equivalent Capacitance (pF)
Equivalent Capacitance (pF)

1000

Equivalent Capacitance (pF)

J. UEMOTO et al.: IMPACT OF LITHIUM RELEASES OBSERVED BY IMPEDANCE PROBE

Equivalent Capacitance (pF)

592

1000

Descent

Alt. 260.1 km
(e)

100
10
1
0.1
2

1000

4
6
8
10
Frequency (MHz)

Descent

12

Alt. 227.5 km
(f)

100
10
1
0.1
2

1000

4
6
8
10
Frequency (MHz)

Descent

12

Alt. 188.4 km
(g)

100
10
1
0.1
2

1000

4
6
8
10
Frequency (MHz)

Descent

12

Alt. 136.4 km
(h)

100
10
1
0.1
2

4
6
8
10
Frequency (MHz)

12

Fig. 2. Examples of the c( f ) curves obtained using the NEI during the ascending (left panels) and descending (right panels) phases. Left and right
panels in each row are the c( f ) curves obtained at approximately the same altitude. Each arrow in each panel indicates the frequency of f UHR . The
c( f ) curves of the panels (f), (g) and (h) were obtained after starting the lithium release experiment.

sumption, we subtracted the electron density in the ascending phase from that in the descending phase after we estimated the electron density in the ascending phase at the altitudes where the electron density in the descending phase
were sampled by performing the liner interpolation. Before we consider the difference of the electron density between the ascending and descending phases as n e caused
by the lithium releases, the wake effect should be eliminated
because the amplitude of the electron density modulation
caused by the wake effect is proportional to the background
electron density. In fact, the modulation caused by the wake
effect above the 240 km altitude is comparable to the elec-

tron density enhancement around the 140 km altitude which
appears to be related to L3. To eliminate the wake effect,
we calculated the ratio of the electron density proﬁles during the descending to ascending phases (Fig. 4(a)). As seen
in Fig. 4(a), the ratio is small in the altitude region above
240 km where the wake signiﬁcantly affects the electron
density, while it becomes large after the lithium releases.
In this paper, we regard the electron density enhancement
with a ratio of larger than 0.8 to be caused by the lithium
releases. Figure 4(b) shows the electron density enhancement n e caused by the lithium releases from which the
wake effect was eliminated.
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without the wake effect (b). The vertical solid line in the left panel corresponds to the threshold which divides the lithium releases effect on the
electron density from the wake one. The time after launch of the major density enhancement peaks is inserted in the right panel.

Figure 4(b) indicates that the lithium releases increased
the electron density up to approximately 7 × 105 cm−3 ,
and each enhancement lasts approximately 10 to 20 s. The
electron density peaks are almost synchronized with L1,
L2 and L3, however, the density peak at around 210 km
is not synchronized with any scheduled lithium releases.
Although Szuszczewicz et al. (1996) reported that a single
chemical release can generate plural peaks depending on

gyro-motion periods of ions, the density peak at around
210 km is not due to the gyro-motion effect because it was
observed approximately 10 s after L1, and the gyro-motion
periods of ions are less than 1 s. The density peak at around
210 km appears to imply that an unexpected lithium release
occurred.
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4.2 Estimation of altitudinal lithium releases proﬁle
Figure 5(a) shows a picture of the lithium resonance scattering light taken from Uchinoura at 454 s after the launch.
To compare the distribution of the lithium resonance scattering light shown in Fig. 5(a) with the electron density enhancement, it is required to deduce an altitudinal luminosity
proﬁle along the rocket trajectory. To deduce the altitudinal proﬁle, the lithium resonance scattering light shown in
Fig. 5(a) was horizontally sliced. Then, the horizontally
sliced proﬁles were individually ﬁtted with the Gaussian
function. Although these proﬁles consist of the integrated
luminosity along the line-of-sight, the peak value of each
ﬁtted Gaussian function can be considered as a good proxy
of the true luminosity at each altitude. Thus, we adopted the
peak values of the Gaussian functions arranged according to
altitude as the altitudinal luminosity proﬁle along the rocket
trajectory. Figure 5(b) shows the altitudinal luminosity proﬁle along the rocket trajectory deduced by the procedure
described above. Although it is almost impossible to identify any signs of L3 shown in Fig. 5(a), a weak luminosity
enhancement (or modulation) can be conﬁrmed around the
altitude of 140 km as shown in Fig. 5(b) which indicates
that L3 was conducted as scheduled. In the altitude range
above 170 km, the luminosity proﬁle appears to have been
formed by combining two or more releases. Although it is
then difﬁcult to decompose the proﬁle into each lithium release from Fig. 5(b), on the other hand, we conﬁrmed, by
analyzing a sequence of the pictures with the sampling rate
of 8 s, that intense releases occurred at the altitudes noted
by the arrows shown in Fig. 5(b). These altitudes agree well
with the scheduled ones, and then they can be regarded as
L1 and L2. In this context, the luminosity proﬁles above
and below the altitudes noted by the arrows are inferred to
be formed by L1 and L2, respectively. The estimated luminosity proﬁles originating from L1 and L2 are shown as red
curves in Fig. 5(b). To deduce these curves, the Gaussian
functions were ﬁtted to the luminosity proﬁles above and
below the altitudes noted by arrows, respectively. It can be
noted that there is a large difference between the black and
red curves in the altitude range around 210 km. The value
of the difference is shown as the blue curve in Fig. 5(b).
The shape of blue curve also resembles the Gaussian function. This resemblance indicates that an unexpected lithium
release occurred at around the altitude of 210 km. It should
be noted here that vertical expansions of lithium would be
slightly different in expanding directions since the LES was
moving downward along the rocket trajectory and the atmospheric density naturally decreases with height. Actually, we conﬁrmed that the gradient of the upward expansion of L1 differed from that of the downward expansion
of L2, even after consideration of each elapsed time from
the release. However, it can be noted that the difference is
sufﬁciently small for deducing the occurrence of the unexpected lithium release. Therefore, in the ﬁtting processes
for two luminosity proﬁles of L1 and L2, we used the simple Gaussian function with neglecting the relatively small
difference between upward and downward expansions.
4.3 Model calculation and comparison
Both the analysis results of the electron density and luminosity proﬁles indicate that the unexpected lithium re-

Fig. 5. Lithium resonance scattering light observed at Uchinoura at 454 s
after the launch (a) and luminosity proﬁle along the rocket trajectory
(b). The brightness and contrast of the panel (a) are arranged for easier
recognition. Black, red and blue lines in the panel (b) indicate the
whole luminosity, Gaussian ﬁtting curves for L1 and L2, and difference
between the whole luminosity and that of L1 and L2, respectively.

lease occurred between L1 and L2. Hereinafter, we refer
to this unexpected lithium release as L1.5. The existence
of L1.5 prevents us from investigating the relationship between the electron density enhancement and the lithium releases based on the scheduled time sequence of the lithium
releases. Instead, we calculate an altitude proﬁle of the vaporized lithium from the electron density enhancement n e
using a simple lithium expansion model under the assumption that n e equals the photoionized lithium density. By
comparing an altitude proﬁle of the vaporized lithium calculated from the model described below and that of the luminosity shown in Fig. 5(b), we suggest that n e can be
reasonably explained by considering a convolution of very
short-time intermittent releases.
We assume that the vaporized lithium for a single lithium
release is spherically distributed, and its density is expressed as n(r, t), where r and t are the distance from
the release point (or from the lithium cloud center) and
the elapsed time from the release, respectively. Although
Bernhardt (1992) reported that the lithium cloud becomes
a shell-like structure within several tens of seconds after
the release, it has not been well known whether the lithium
cloud becomes a shell-like structure within a very short time
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(<1 s) from the release as pointed out by Szuszczewicz
et al. (1996). We assume that the lithium cloud expands
through the free expansion process, although at later times
the cloud is thought to expand through the diffusive expansion process (e.g., Bernhardt, 1979). In this context, we
adopt a spherical free expansion model and deﬁne n(r, t)
by


r2
N0 (T )
exp
−
,
(1)
n(r, t) =
π 3/2 (vth t)3
(vth t)2
where T , N0 (T ) and vth are the release time, the amount of
vaporized lithium at T and the lithium thermal velocity, respectively. The released lithium is assumed to be vaporized
instantaneously in this paper. N0 (T ) in Eq. (1) is deﬁned as
N0 (T ) = x(T )/M,

(2)

where x(T ) is the amount of vaporized lithium at T , and M
is the mass of a lithium atom. Equation (1) is almost identical to that of the spherical free expansion model adopted in
Bernhardt (1979) and Szuszczewicz et al. (1996), and this
equation indicates that n(r, t) is expressed as the Gaussian
distribution, and it decreases monotonically in proportion to
t −3 .
The vaporized lithium is assumed to be ionized through
the photoionization process:



t
n Li+ (r, t) = n(r, t) 1 − exp −
,
(3)
τLi
where n Li+ (r, t) is the lithium ion density, and τLi is the
lithium ionization constant. Equation (3) is adopted from
Szuszczewicz et al. (1996). Substituting Eqs. (1) and (2)
into Eq. (3) gives


1
r2
n Li+ (r, t) = x(T )
exp
−
Mπ 3/2 (vth t)3
(vth t)2





t
· 1 − exp −
τLi
= x(T )g(r, t).



(4)

In Eq. (4), we deﬁned g(r, t) as the right-hand side term
except for x(T ). In this paper, vth is 2400 m/s which is the
thermal velocity at the lithium vaporization temperature of
1600 K, and τLi is 3450 s. We assumed vth to be constant as
done by Szuszczewicz et al. (1996).
Figure 6 shows time variations of the photoionized
lithium ion density at r = 5, 10, 20 and 50 m calculated from Eq. (4) when the lithium of 0.1 g is vaporized
at T = 0. For example, the lithium ion density at r = 10 m
(solid line) is maximum approximately at 106 cm−3 at 4 ms
after the release, and it becomes less than 102 cm−3 within
1 s after the release. This result implies that the released
lithium contributes to the observed n e shown in Fig. 4(b)
through the photoionization process within only a short
time period (<1 s) after the release. This is why the diffusive expansion is ignored in this paper. This result also
points out that the time resolution of the NEI (approximately 500 ms) is insufﬁcient to observe the time variation
of the photoionized lithium ion density. This shortage of the
time resolution forces performance of the linear interpolation between the observed electron density values. On the
other hand, as mentioned in Section 4.1, each electron density enhancement shown in Fig. 4(b) lasts approximately 10
to 20 s. Referring to the time variations of the photoionized
lithium ion density shown in Fig. 6, it is noted that a single
instantaneous lithium release cannot explain the observed
n e proﬁle because the photoionized lithium ion density
dramatically decreases within 1 s after the release. Then,
the lithium ion density is assumed to be expressed by a con-
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300

volution of intermittent releases:
n Li+ (r, t) =

t


x(τ ) g(r, t − τ ).

(5)

τ =0

250

x(t  ) = n Li+ (r, t = t  + t)/g(r, t).

(7)

Similarly, the photoionized lithium ion density at the next
time step (t = t  + 2t) is
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n Li+ (r, t = t  + t) = x(t  ) g(r, t) + x(t  + t) g(r, 0).
(6)
In Eq. (6), g(r, 0) on the second term of the right-hand side
is zero, then x(t  ) can be obtained:
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Equation (5) is a convolutional sum. When the calculation
time step is deﬁned as t, the photoionized lithium ion
density at t after the time of release t  is

460
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n Li+ (r, t = t +2t) = x(t )g(r, 2t) + x(t +t)g(r, t)
+x(t  + 2t)g(r, 0).
(8)
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In Eq. (8), the unknown factor is only x(t  + t) because

g(r, 0) is zero and x(t ) is already given by Eq. (7). Then
x(t  + t) can be calculated from Eq. (8). By performing Fig. 7. Calculated proﬁle of the vaporized lithium amount. The left-hand
and right-hand vertical axes are altitude and time after launch, respecsimilar calculations in later time steps, the time variation of
tively.
the photoionized lithium ion density can be deduced. The
total amount of the vaporized lithium is

X tot =
x(τ ).
(9) total amount of vaporized lithium calculated from Eq. (9) is
τ
approximately 99 g. This amount corresponds to approxiAs expressed in Eqs. (7) and (8), the photoionized lithium mately 25% of 390 g which is the total amount of the ﬁlled
ion density is divided by g(r, t) to obtain the amount of lithium in the canisters. (Szuszczewicz et al. (1996) asvaporized lithium at each time step. This indicates that the sumed the effective vaporization level as 40%.) It should be
calculation would fail when g(r, t) is extremely small. noted that a direct comparison cannot be strictly performed
The value of g(r, t) depends on the time step as well as the between the calculated proﬁle with the luminosity proﬁle.
distance from the cloud center as seen in Fig. 6. To avoid the This is because the observed lithium resonance scattering
problem due to g(r, t), we performed a model calculation light from the ground is a time dependent column value
under the assumption that the distance from the cloud center along the line of sight. However, it can be pointed out by
is constant (r = 10 m), although this assumption is over comparing Figs. 7 and 5(b) that the peak altitudes of the vasimpliﬁed because the NEI moved away from the LES with porized lithium estimated from n e agree well with those
the speed of 0.5 m/s after the separation as mentioned in estimated from the ground observation. This good agreeSection 3.
ment veriﬁes the model calculation and indicates that the
The amount of the vaporized lithium calculated from electron density enhancement observed using the NEI durEq. (5) with the time step of 4 ms is shown in Fig. 7. It ing the WIND campaign can be explained by considering a
should be noted that the calculated time variation of the va- convolution of very short-time intermittent releases with the
porized lithium amount was arranged along the altitude by simple spherical free expansion model. Finally, it should be
using the trajectory data to more easily compare the calcu- mentioned that the model calculation provided here is overlation with the observations. It should be noted that the time simpliﬁed based on the following points of view: (1) the
variations of vaporized lithium and n e are almost identi- time variation of the distance between the LES and the NEI,
cal by comparing Figs. 7 and 4(b). This indicates that only (2) the optical thickness of the lithium cloud, and (3) the althe vaporized lithium within a short time period (<1 s) af- titudinal variation of the photoionization rate due to the soter the release can contribute to n e . On the other hand, lar zenith angle change are not included. Although the aseven when the maximum n e was observed, the amount of sumptions (1) and (2) affect the estimated total amount and
vaporized lithium was estimated as 0.04 g. This result in- the altitude proﬁle of the vaporized lithium in some degree,
dicates that the convolution effect of plural intermittent re- these assumptions do not deny the result that the observed
leases expressed in Eq. (5) is important in the short time pe- electron density enhancement can be explained by considriod (<1 s) because the required amount for increasing the ering a convolution of very short-time intermittent releases.
electron density up to 7×105 cm−3 at r = 10 m is more than On the other hand, the assumption (3) is inadequate for n e
0.1 g when a single release is considered (see Fig. 6). The around 445 s after the launch because the sun light did not

J. UEMOTO et al.: IMPACT OF LITHIUM RELEASES OBSERVED BY IMPEDANCE PROBE

reach the altitude region directly where the rocket passed
through at 445 s after the launch. Nevertheless, although it
is very weak, the lithium resonance scattering light around
this altitude region was observed from the ground as shown
in Fig. 5(b). This fact indicates that the sun light reached
this altitude region from somewhere. Clarifying the mechanism of the electron density enhancement at around 445 s
after the launch is a subject which remains to be investigated
further.

5.

Conclusion

To evaluate quantitatively the lithium release impact on
the ionospheric density enhancement during the WIND
campaign, we analyzed the c( f ) data obtained from the
NEI which can measure accurately the absolute value of the
electron density. It was clarified that the lithium releases
performed in the descending phase increased the electron
density up to approximately 7 × 105 cm−3 . This is a first
observational result showing the impact of the lithium releases on the ionospheric electron density at the very close
distance of several ten meters from the sensor to the release
point. To investigate the relationship between the observed
electron density enhancement and the lithium releases, we
developed a convolution model of the simple free expansion. By using this convolution model, we found that the
peak altitudes of the vaporized lithium estimated from the
electron density enhancement agreed well with those estimated from the ground observation of the lithium resonance scattering light. Based on this good agreement, it is
suggested that the free expansion model is effective at the
distance of several ten meters from the release point and
the effect of superposition of releases cannot be ignored.
On the other hand, it was found that the electron density
was increased at the altitude range where the sun light did
not directly reach. Clarifying the mechanism of the electron density enhancement in this altitude region is a subject
which remains to be investigated further.
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