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Abstract Using data from the CRRES plasma wave experiment, we develop quadratic fits to the mean of
the wave amplitude squared for plasmaspheric hiss as a function of Kp, L, and magnetic latitude (1) for the
dayside (6 < magnetic local time (MLT) < 21) and nightside (21 < MLT < 6) magnetic local time sectors. The
empirical model of hiss waves is used to compute quasi-linear pitch angle diffusion coefficients for energetic,
relativistic, and ultrarelativistic electrons in the energy range of 1keV to 10 MeV. In our calculations, we
account for changes in hiss wave normal angle and plasma density with increasing 4. Electron lifetimes

are then calculated from the diffusion coefficients and parameterized as a function of energy, Kp, and L.
Coefficients for both the hiss model and the electron lifetimes are provided and can be easily incorporated
into existing diffusion, convection, and particle tracing codes.

1. Introduction

Plasmaspheric hiss is a whistler mode emission that permeates the Earth’s plasmasphere and is a significant
driver of energetic electron losses through cyclotron-resonant pitch angle scattering [e.g., Millan and
Thorne, 2007; Shprits et al., 2008, and references therein]. Hiss is believed to be largely responsible for the
formation of the slot region between the inner and outer electron belts [e.g., Lyons et al., 1972; Lyons and
Thorne, 1973; Abel and Thorne, 1998; Meredith et al., 2007, 2009] and plays a major role in reducing the flux of
relativistic electrons that build up in the aftermath of geomagnetic storms [e.g., Abel and Thorne, 1998;
Meredith et al., 2006b; Shprits et al., 2009, 2013b; Thorne et al., 2013]. Therefore, accurate quantification of
electron lifetimes due to scattering by hiss is a critical component to modeling and predicting the

global dynamics of the electron radiation belts.

Maps of plasmaspheric hiss wave intensity from the CRRES mission were first presented by Meredith et al.
[2004] and have been used in a number of studies examining the origin of the waves [Meredith et al., 2006a;
Bortnik et al., 2008] as well as their effect on energetic electron lifetimes [e.g., Meredith et al., 2006b, 2007;
Summers et al., 2008; Lam et al., 2009; Meredith et al., 2009]. Here we independently derive a database of
hiss observations from the CRRES plasma wave experiment using a nearly identical procedure to Meredith
et al. [2004] and develop analytical quadratic models for the time-averaged hiss magnetic field intensity
<BW2> as a function of Kp, L, and / for two local time sectors.

The effect of hiss waves on energetic electron lifetimes has been explored observationally by analyzing the
decay rates of fluxes from various satellites for both the slot region and the outer radiation belt [e.g., Baker
et al., 1994; Meredith et al., 2006b, 2007, 2009; Benck et al., 2010]. Loss time scales are usually calculated
using diffusion theory and are in reasonable agreement with the decay rates obtained from observations
[e.g., Abel and Thorne, 1998; Albert, 2000; Selesnick et al., 2003; Meredith et al., 2006b, 2007, 2009]. Most
recently, Mourenas and Ripoll [2012] and Artemyev et al. [2013] have developed a formalism that allows them
to analytically estimate electron lifetimes.

Abel and Thorne [1998] calculated electron lifetimes for energies 100, 300, 500, 900, and 1500 keV. They
accounted for Coulomb scattering and scattering by whistler waves at distances up to L =4. Their results
indicated that the outer radiation belt lifetimes due to hiss waves range from several days to over a hundred
days. Meredith et al. [2006b] computed lifetimes for electron energies of 214 keV, 510 keV, and 1.09 MeV for
Kp < 3 and showed that their results were similar to the observed decay rates. Summers et al. [2008] calculated
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electron lifetimes by hiss waves in plasmaspheric plumes at distances L = 3.5-7 for energies of 100, 200, 500, and
1000 keV using realistic hiss wave amplitudes and plasma density from CRRES. Their results showed that
lifetimes for electrons of a few hundred keV were about 1 day or less, and for larger energies, the typical lifetimes
became several days. Chen and Schulz [2001] developed a model of losses for diffuse auroral particles that
accounted for strong diffusion in the outer region and provided a smooth transition to slower loss in the inner
magnetosphere. Thus, in the previous theoretical studies, lifetimes were computed at specific energies and
usually for 2 or 3 ranges of the Kp or AE " indices. In this study, we present a comprehensive model of lifetimes in
the outer radiation belt due to resonant hiss-electron interaction as a continuous function of electron energy,
distance, and Kp index. We calculate loss time scales using realistic hiss amplitudes and plasma parameters and
compare the calculated lifetimes with previous observational studies. In addition, both the empirical hiss model
and the computed lifetimes are parameterized using simple analytical functions and thus can be widely used in
2-D, 3-D, and 4-D convection and particle tracing codes.

2. Empirical Model of Plasmaspheric Hiss Intensity

The sweep frequency receiver (SFR) on the CRRES plasma wave experiment provides wave measurements
from 100 Hz to 400 kHz in 128 log-spaced frequency bins from a single 100 m tip-to-tip electric dipole
antenna oriented perpendicular to the spacecraft spin axis, which was in the ecliptic plane [Anderson et al.,
1992]. Our analysis uses SFR measurements of electric (E) field power spectral density (PSD) from 19 August
1990 to 12 October 1991 (orbits 61-1067). Plasmaspheric hiss is defined as wave power in the frequency
range of 100 Hz to 2 kHz that lies inside the plasmapause or within regions of high-density “detached”
plasma, such as plasmaspheric plumes. We use a database of plasmapause crosses derived from the CRRES
SFR data provided by Moldwin et al. [2002]. For passes where no plasmapause is identified (e.g., shallow
density gradients) and to identify detached plasma regions, we examine the relative intensity of electrostatic
electron cyclotron harmonic waves (high-density regions are generally devoid of electron cyclotron
harmonic waves), such as was done by Meredith et al. [2004].

To calculate hiss wave intensity, we first remove data spikes and apply a frequency-dependent background
subtraction provided by Meredith et al. [2004]. Next, we compute 3 min running averages of the PSD to
remove the effects of the spinning spacecraft and multiply by a factor of 2 to estimate the total PSD in the
spin plane. Then, we convert the E-field PSD to magnetic (B) field PSD using the parallel propagating whistler
mode dispersion relationship [see Meredith et al., 2004, equation (1)] along with measurements of the

local background magnetic field and estimates of the cold plasma density derived from the upper hybrid
resonance line observed in the higher frequency bands of the SFR [LeDocq et al., 1994]. As was discussed by
Meredith et al. [2004], the assumption of parallel propagation is justified since in the hiss frequency band and
for typical values of the plasma-to-gyrofrequency ratio, the conversion of E to B is relatively insensitive to
wave normal for angles <50°. Next, the B-field PSD is integrated from 100 Hz to 2 kHz to yield the hiss
wave intensity, B,

In order to develop an empirical model of the average hiss wave intensity, we divide the data into two local
time sectors, 6 < MLT <21 (dayside) and 21 < MLT < 6 (nightside) and limit the data to regions of highest
coverage, 3<L <6 and |}| 25° The value of Kp is linearly interpolated to each data point. There are a total of
359,276 dayside and 258,868 nightside hiss measurements. For each local time sector, we divide the data
into 10% quantile bins in Kp, L, and 2 and compute the average value of B,2 in this 10 x 10 x 10 grid. The
averages as a function of 1 and L can be seen for three ranges of Kp for the dayside in Figures 1a-1c and for
nightside in Figures 1g-1i. We note that binning and averaging the data prior to performing the regression
analysis are critical steps in creating a wave model appropriate for use in calculating diffusion coefficients.
Performing regression on the full data set prior to averaging will result in an empirical model of the median
wave intensity, which can be an order of magnitude smaller than the mean and is not the appropriate
quantity for calculating wave driven diffusion.

Next, we use stepwise linear regression to fit the logarithm of <B,,>> to a polynomial of order up to two
(including interaction terms) of the form

1091 (< B, >) = Wo + W1Kp + Wal + w3l + waKpa + wsLA + weKp? + wyl? + wgi?, m

where the weights of the model w,, are provided in Table 1. We apply a stepwise fitting technique in
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Figure 1. Bin-averaged values of BW2 as a function of 1 and L for three ranges of the Kp index are shown for (a-c) dayside
hiss and for (g-i) nightside hiss. Output of the quadratic model for three values of Kp for (d-f) dayside hiss and (j-I)
nightside hiss. The gray lines overlaid on the model output indicate the A of the minimum hiss intensity as a function of L,

and the gray dots indicate the two local maxima.

which weights for the full model are first estimated, and terms are successively removed if they do not
contribute to the model in a statistically significant way (e.g., there is no KpL term for either model and the
Kp/ term is removed on the dayside). We note that all values of Kp are included in the bin-averaged data,
but due to sparse data at high Kp, the model is only considered valid for Kp < 6. Also, the model is only valid

Table 1. Table of Weights for the Quadratic Model of Hiss Intensity Described by Equation (1)

Model wo w1 wy w3 Wa Ws We w7 wg
Dayside 2.559 0.2607 0.5555  —0.1263 0 0.01815  —0.01547 —0.1400  0.003092
Nightside 2432 —0.08824 0.6392 —0.1361 —0.01267 0.03026 0.04248 —0.1569  0.001457
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when the region of interest is inside the plasmasphere or plasmaspheric plume and should be used in
conjunction with a plasmapause model. The coefficient of determination, R, is a measure of goodness of
fit for regression models and is interpreted as the percentage of variation in the bin-averaged data that can
be explained by the model. The value of R? is 0.51 for the dayside model and 0.28 for the nightside

model. For this particular application, the absolute value of R? is largely dependent on the number of bins
used in the calculation of <B,,*>. For example, using fewer bins results in smoother bin-averaged data
values, which in turn are easier to fit with the quadratic model and improves the value of R%. However, for any
level of binning, the nightside model has a lower value of R than the dayside model. Overall, the data on the
nightside have a higher degree of variance. The variance could be captured with a higher order model,
but this runs the risk of overfitting. The root-mean-square error (RMSE) is a measure of accuracy for a
regression model and represents the standard deviation of the error between the bin-averaged data and the
model prediction. The RMSE has the same units as the model output, logs, (p7%), and is 0.53 for the dayside
model and 0.79 for the nightside model. In a manner similar to R?, decreasing the number of bins in the
averaging reduces the RMSE, and the nightside model has a higher RMSE regardless of binning.

The output of the quadratic model for the three values of Kp are shown in Figures 1d-1f for the dayside hiss
and in Figures 1j-1I for the nightside hiss. On the dayside for L < 4.5, the hiss intensity as a function of 1
exhibits a minimum near 10° (gray curve) with higher intensities near the equator and above 20°. For L > 4.5,
the latitude of minimum hiss intensity moves toward the equator, and hiss intensity generally increases with
increasing 1. These trends continue across all levels of activity. Overall, the hiss intensity is significantly
weaker on the nightside than on the dayside. On the nightside for low activity (Figure 1j), the hiss intensity
peaks near the equator for L < 3.5 but is more intense at higher 1 for L > 3.5. With increasing Kp, the hiss
intensifies near the equator and decreases at higher A.

3. Lifetimes of Electrons
3.1. Hiss Wave Model

To calculate the electron lifetimes due to hiss, we start with the hiss intensity dependencies from equation (1),
which are valid for latitudes less than 25°. Since the past work has shown that hiss can extend up to ~45° in
latitude and is still rather strong at latitudes larger than 25° [e.g., Agapitov et al., 2013], we assume that for
latitudes from 25° to 45° hiss, amplitudes are the same as for 25° latitude. Following previous studies [e.g.,
Shprits et al., 2009; Thorne et al., 2013], the frequency spectrum of hiss is modeled as Gaussian with the
maximum frequency f,,, =550 Hz, bandwidth Jf=300Hz, and lower and upper cutoffs f.=100 Hz and
fuc=2000 Hz, respectively. The wave normal angle distribution is taken as a latitudinal dependent Gaussian
with parameters taken from Table S3 in the supporting information of Thorne et al. [2013], which were
consistent with the observations of Agapitov et al. [2013]. Hiss waves become more oblique with increasing
latitude, and therefore, the wave normal angles may reach the resonance cone. Since we use the cold
plasma theory in the present study, we cut off the wave normal angles near the resonance cone.

3.2. Calculation of Lifetimes

Electron lifetime, 7, is computed using an integral expression from Albert and Shprits [2009]

—r/zd 2<D - 2
=], aeq( < aa>tan(aeq)) , (2)

where o, is the equatorial pitch angle and o, is the equatorial loss cone angle. <D,,,> is the bounce-
averaged pitch angle diffusion coefficient calculated in the dipole field model using a quasi-linear approach
of Glauert and Horne [2005]. The scattering rates are also MLT-averaged proportional to the MLT sectors,
where hiss waves are present; that is, the calculated diffusion coefficients are multiplied by 15/24 and 9/24 for
the dayside and nightside models, respectively. It follows from equation (2) that electron lifetimes are mainly
determined by the minimum value of <D,,,> tano.q. For electrons of tens to hundreds of keV, this minimum
occurs at middle equatorial pitch angles, where the scattering rates have a deep local minimum. The exact
location of the minimum depends on the L shell of interest and energy. For electrons of relativistic energy, the
minimum value of <D,,> tana,, is reached near the loss cone. Our sensitivity tests show that for £, ~ 1 MeV
at L=3.5, the dominant scattering occurs at latitudes of approximately 25°. With increasing distance or
energy, the resonant hiss-electron interaction near the loss cone occurs at higher latitudes. Thus, for energies
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larger than approximately 0.1-1 MeV (slightly smaller energies for larger distances), the lifetimes are mostly
determined by the extent of the hiss waves in latitude. The model of the latitudinal distribution is discussed in
section 3.1. Since hiss wave amplitudes are not well known at high latitudes larger than ~25°, better
knowledge on latitudinal distribution of hiss waves will help us to improve the model of lifetimes at
relativistic energies in the future.

With increasing energy, a larger number of resonances contributes to the scattering rates [e.g., Mourenas and
Ripoll, 2012]. For example, for relativistic energies above 1 MeV, more than %5 resonances should be taken
into account. Thus, we compute the diffusion coefficients up to £N, resonances dependent on electron
energy including Landau resonance. Following Mourenas and Ripoll [2012], we define the number of
significantly contributing resonances, N,, as

1/2
N, = ’7p(27r fmwse/ﬂg> sinﬁmax—‘, (3)

where the brackets represent the ceiling function, p is the dimensionless momentum of the electrons (i.e.,
momentum divided by the electron mass and the speed of light), w,. is the plasma frequency, Q. is the
electron gyrofrequency, and ,,ax = 85° is the maximum wave normal angle. Since with increasing latitude,
the number of resonances N, decreases, we compute it using the equatorial values of w,, and Q..

Plasmaspheric density n is calculated using the expressions of Denton et al. [2004, 2006] for the equatorial
density n.q and the increase of density with increasing latitude

l0g;9Neq = —0.324L + 3.78 + [0.00127 Rsy, — 0.0635] 2115, )
N = neg(cost) 2, &)

where R, is the average sunspot number and is assumed to be 78, which is the average value between
the solar maximum and minimum values.

Figure 2 shows calculated lifetimes of electrons with energies from 1 keV to 10 MeV for the dayside (top row)
and nightside (bottom row) for various levels of geomagnetic activity. Lifetimes are calculated for the same
L shells (3-6) and Kp values (0-6) for which the hiss wave intensity model (equation (1)) is valid. The dark
red color in Figure 2 corresponds to the regions, where lifetimes of electrons are larger than 1000 days. On the
dayside, the lifetimes are several times smaller than those on the nightside. Therefore, electron lifetimes

in 21-6 MLT sector due to scattering by hiss can generally be neglected.

On the dayside, lifetimes become significantly shorter with increasing geomagnetic activity (Figures 2a-2d).
For example, for 158 keV electrons at L =4.5, lifetimes for Kp=0.75, 3, and 6 are 2.75days, 1day, and 10 h,
respectively. On the nightside, the dependence of lifetimes on geomagnetic activity is different from the
dayside. It is clearly seen that lifetimes for Kp =0.75 in Figure 2e are shorter than those for Kp =3 in Figure 2f.
This is due to the fact that for Kp > 1.8, the hiss intensity strongly decreases at latitudes larger than 15°
(Figures 1k and 1l), and for small Kp < 1.8, the waves extend to |1| = 15° (Figure 1j).

The computed lifetimes are sensitive to radial distance. Both on the dayside and nightside, the lifetimes

of electrons with energies from 1 keV to tens of keV decrease with increasing distance from a hundred days to
several days and hours. The lifetimes of hundreds of keV electrons strongly decrease from L=3 to L ~3.5-4.5
and then slightly increase with increasing distance to L =6. For relativistic energies £, > 1 MeV, the

lifetimes tend to increase with increasing L shell.

Lifetimes also exhibit a strong dependence on energy on both dayside and nightside. With increasing energy
from 1 keV, the lifetimes tend to decrease from hundreds of days to several days or less, depending on
geomagnetic activity, with a local minimum at hundreds of keV at small L shells to tens of keV at larger
distances. The lifetimes of electrons with relativistic energies strongly increase with increasing energy. For
example, during active geomagnetic conditions Kp = 6 at L = 3.5, the lifetimes of 0.5 MeV and 3 MeV electrons
are 18 h and 10 days, respectively, on the dayside.

3.3. Parameterization of Lifetimes

Next, we perform analytical parameterizations of lifetimes that can be easily incorporated into convection
and particle tracing codes to account for the pitch angle scattering of energetic electrons by hiss waves.
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Figure 2. Electron lifetimes, 7, in days for (a—d) the dayside and (e-h) nightside as a function of L and kinetic energy for four values of Kp.

Since nightside lifetimes contribute very little to the total lifetimes, we only provide parameterization of
lifetimes for the dayside in the main text. Parameterizations for the nightside lifetimes are presented in
the supporting information. We also provide the tabulated computed lifetimes for both sectors in the
supporting information.

Parameterized lifetimes for the 6-21 MLT sector are given by

logyor = g(E, L) + y(Kp), (6)

where L=3-6, E=log1o(Ef) for Ex=1keV-10 MeV taken in MeV units, and Kp < 6. Function g(, L) represents
logso7 for Kp =6 and is given by

g(E,L) = ay + asL + a3sE + a4l + asLE + agE? + ayL® 4 agl®E + aglE? + aqoF> + ayiL? + a1 L3 4 a3l ?E?
+ a14LE3 + a15E4 + a16L4E + a17L3E2 -+ a18L2E3 + a19LE4 + Z‘.\z()E5 + 321L3E3 + 822L2E4 + a23LE5
+ a4E8 + axsL3E* + aysl’E® + aysLE® + axgE’,

and (7)

y(Kp) = 0.015465Kp? — 0.26074Kp + 1.0077. ®)

We first used linear regression method to fit the logarithm of lifetime for Kp =6. Since for high geomagnetic
activity, lifetimes larger than 100 days are not physically interesting; we only parameterized lifetimes starting
from energies for which lifetimes become less than 100 days for Kp =6 (or following equation (8) less than
1000 days for Kp =0). Therefore, the obtained parameterization (equation (7)) is only valid for E > f(L), where

f(L) = —0.2573L* + 4.27811° — 25.9348L + 66.8113L — 66.1182. 9)

The expression in equation (7) has polynomials of E and L up to seventh order including interaction terms.
This high order was chosen for parameterization to accurately model the lowest lifetimes. The coefficients
for parameterization in equation (7) are presented in the supporting information. The coefficient of
determination for the g(E, L) parameterization at Kp = 6 is 0.987. The accuracy is calculated as A= (r.—1,,)/z. - 100%,
where 7. and 7, are the computed and parameterized lifetimes, respectively. The mean of absolute accuracy
for g(E, L) parameterization for E > f(L) is 14%. Our results showed that the activity dependence is very similar
for all considered values of L and E. To determine the dependence on Kp, we determined the functional
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dependence (equation (8)) for various values of L and E. Our results showed that the coefficients in this
dependence vary by approximately 10™*% and thus can simply use a functional dependence y(Kp) that is
independent of the radial distance and energy.

3.4. Comparison of Lifetimes With Previous Observations

Next, we compare the computed lifetimes with those from some previous observational studies. Lifetimes are
usually estimated from observations by analyzing the exponential decay of fluxes at certain range of
equatorial pitch angles. Baker et al. [1994] analyzed the decay rate of relativistic electrons E, > 400 keV at
distances 2.5 <L <5 using SAMPEX data and found that lifetimes were approximately 5 to 10 days. Our
computed lifetimes for low geomagnetic activity are quantitatively similar with the results of Baker

et al. [1994].

Meredith et al. [2006b] explored the loss time scales of electrons using CRRES observations during low
geomagnetic activity (Kp < 3) following enhanced geomagnetic activity. The results of Meredith et al. [2006b]
showed that at distances from 3 to 5 Earth'’s radii, the lifetimes of electrons with energies 214 keV, 510 keV,
and 1.09 MeV lie in the range of 1.5-3.5, 2.5-5.5, and 5.5-6.5 days, respectively, where larger values of
lifetimes correspond to larger L shells. Similar observational results were obtained by Benck et al. [2010]. They
estimated the lifetimes of electrons using SAC-C and DEMETER low-altitude measurements after high
geomagnetic activity when Dst index fell below —50 nT. The lifetimes obtained by Benck et al. [2010] for
0.16-1.36 MeV electrons lied in the range of 3 to 8 days at L =3-4.8. The observed lifetimes by Meredith et al.
[2006b] and Benck et al. [2010] are consistent with our model results for quiet and moderate geomagnetic
activities, except for energies ~150-400 keV at 3 < L < 3.6, where the computed lifetimes become significantly
larger with decreasing distance reaching the values of tens or hundred days.

4, Summary and Discussions

Hiss waves play an important role in the loss of the inner magnetosphere electrons. In this study, we derived a
database of hiss observations from the CRRES spacecraft using a technique nearly identical to that of
Meredith et al. [2004]. We used regression analysis to develop simple quadratic fits to the data as a function of
Kp, L, and 4 for two different local time sectors. Coefficients for the model are provided.

We also theoretically examine the effect of hiss waves on the decay rates of electrons. Hiss wave intensity
dependencies obtained in this work are used to calculate electron lifetimes in the 6-21 and 21-6 MLT sectors.
We use a realistic wave normal angle distribution, which is dependent on latitude, and take into account the
increase of plasma density with increasing latitude. We find that lifetimes are highly dependent on radial
distance, electron kinetic energy, and value of Kp index. Hiss waves can scatter electrons at certain
energies and distances within several days during quiet geomagnetic activity and within less than a day
during the disturbed conditions. The comparison of the computed lifetimes with observational studies shows a
good agreement except for electrons of ~150-400 keV energies at 3 < L < 3.6. At these distances and energies,
the diffusion coefficients due to hiss waves have deep local minimum at equatorial pitch angles around 60°-80°,
and therefore, following equation (2), the obtained lifetimes have large values. Interaction of electrons with
magnetosonic waves [e.g., Shprits et al., 2013a, 2013b] can fill this gap in the scattering rates at L > 3 and thus
cause the decrease of lifetimes. Scattering of hundreds of keV electrons by lightning-generated whistlers can
also reduce the lifetime values at distances less than 3.6 Earth’s radii [e.g., Abel and Thorne, 1998]. It should be
also noted that the measured decay rates can be actually influenced by the local acceleration and radial
transports. Improvements of the hiss wave models using multiple satellite measurements in the future may also
partially resolve the discrepancy between the observed and computed lifetimes.

The lifetimes on the dayside are parameterized (equation (6)) for use in various convection and particle
tracing codes. The obtained parameterizations are only valid for L shells from 3 to 6, Kp indices less than 6,
and electron energies logqo(Ex) > f(L) in the range from 1 keV to 10 MeV, where f(L) is determined in
equation (10). We showed that lifetimes have a nonlinear dependence on geomagnetic activity (equation
(8)). We also give parameterizations of lifetimes on the nightside and provide the tabulated computed
lifetimes for both sectors in the supporting information. It should be noted that both the hiss intensity model
and parameterizations of electron lifetimes can be only used within the plasmasphere, which can be strongly
compressed up to several Earth's radii during active geomagnetic conditions.
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