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Abstract. Photospheric Compton backscatter (albedo) makes a significant contribution to observed
hard X-ray (HXR) spectral fluxes over the RHESSI energy range and should be allowed for in HXR
spectral interpretation. The full correction problem is nonlinear and messy but we offer a simple
approximate first-order correction procedure for global HXR spectra based upon empirical fits to
published albedo simulations. We also illustrate the impact of this correction on inferred electron
spectra for the thin- and thick-target models.

1. Introduction

The high HXR spectral resolution of RHESSI creates the chance for precise study
of source electron spectra provided the observed spectra are well corrected for non-
primary effects at the Sun including albedo, directivity, source ionisation variations
and the like. General treatment of all of these is theoretically complex and compu-
tationally intensive for each source model one wants to try. Although this should be
an eventual goal, for the present it is more useful to have simpler but more versatile
methods for first-order correction of spectral data (after optimal removal of the
already complex instrumental effects). In this paper we offer such an approach for
correction of the photospheric albedo.

It was first pointed out by Tomblin (1972) and by Santangelo, Horstman, and
Horstman-Moretti (1973) that some of the primary photons emitted downward
around the deka-keV range in the optically thin solar atmosphere undergo Comp-
ton backscatter in the low atmosphere and add to the primary photons, emitted
upwards, in the observed signal. These albedo photons come from an extended area
and arrive with a spread of delay times, depending on the primary source height. It
has been suggested that careful imaging (Brown, van Beek, and McClymont, 1975)
or time delay (Bai, 1978) studies could help infer source heights. In this paper we
restrict ourselves solely to considering the effect of the albedo contribution on the
spectrum of the HXR source as a whole.

The spectral distribution of the albedo contribution was studied in detail by
Bai and Ramaty (1978) via Compton scattering simulation allowing for photon
absorption, and we base our empirical approach (Section 2) on their results. The

#‘ Solar Physics 210: 407-418, 2002.
‘w © 2002 Kluwer Academic Publishers. Printed in the Netherlands.



408 R. C. ALEXANDER AND J. C. BROWN

main need for empirical simplification is the fact that albedo correction is not just
a spectral correction factor (like a ‘coloured’ mirror) but strictly speaking is itself
a convolution. That is, the fractional albedo addition A(e) at photon energy € to
the primary photon spectrum /y(€) itself depends on the functional form of Iy(€),
since Compton scattering shifts photons in energy. Thus recovery of Iy(¢) from the
total observed spectrum I (¢) involves inversion of a nonlinear convolution of /y(€)
with the scattering and absorption processes.

2. Empirical Albedo Correction to Spectra
Suppose the total primary HXR source emission rate is Iy(e) (photons cm=2 s~!
per unit €) as seen at the Earth. The actual total rate / (¢) as seen from the Sun can
be written as

lio(€) = To(e)(1 + Ay (€)), ey

where Ay (€) is the fractional albedo contribution at energy €. This depends, as
mentioned, on Iy(¢) itself as well as on e explicitly. In fact A; also depends
somewhat on the source geometry; specifically on the source height above the
photosphere and the heliocentric-angle of the source, since Compton backscatter
is angle and energy dependent. Since variation across the disk is not large and is
more of a scale factor than a spectral distortion, here we ignore it and use angle-
averaged results from Bai and Ramaty (1978), though our approach could readily
by extended to apply to each flare heliocentric angle separately by fitting of our
empirical form to the appropriate Bai and Ramaty results for that angle.

Bai and Ramaty computed A, (¢) for the specific forward problem of a simple
power-law Iy(e) ~ €7 and for these cases we can write

Ap(e) = A, (e). (@)

What we would like is a simplified procedure to estimate Iy(e¢) from 7 (¢) al-
lowing for the influence of A(e) and we propose the following:

(1) Since A, while significant, is never large or rapidly varying, obtain a first
approximation to /y(€) as a power law ~ €7 by best fitting the total data I (¢) to
a power-law index y . (Essentially taking A = constant to zeroth order).

(2) Use the best fit y from step (1) with the Bai and Ramaty results on A, (¢)
for a power law Ij(¢) to obtain a first-order estimate of A, (¢) using Equation (2).

(3) Adopt this A, (¢) in Equation (1) to derive a first-order albedo-corrected
Io(€) = lot(€)/(1 + Ay (€)).

To make this easy to do in practice we have explored convenient parameterized
forms of A, (¢) and best fit the (y dependent) parameters to the Bai and Ramaty
results for each of the four different y values which they simulated. We found a
convenient form was
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TABLEI

Best-fit parameters to the Bai
and Ramaty data.

y Ag a b
2 00077 153 031
300088 146 034
4 00098 141 037
500111 134 038
€N 10
A, (e) = Ao(y) 0 e , 3)

where € is in keV and the best fit values for of Ay, a, and b are given in Table L.
In Figures 1(a—d) we show the Bai and Ramaty A, (¢) results with our best fit
superimposed.

Figures 1(a—d) show the plots of the best-fit parameters given in Table I for
Ao(y), a(y), and b(y) substituted into (3) (full line) compared with the Bai and
Ramaty data (symbols) for the four values of y studied.

Bai and Ramaty only computed four cases of y. To extend these fits empirically
to general y we show in Figures 2(a—c) plots of Ay(y), a(y), and b(y) versus y
with linear fits through these four points.

Figures 2(a—c) show the plots of the best-fit parameters given in Table I for
Ao(y), a(y), and b(y). A linear fit straight line through the data points is shown
for each parameter.

3. Effect of Albedo Correction on Inferred Electron Spectra

3.1. FORMULATION

Given Iy(€), one can derive the source mean electron spectrum F(E) (“thin-target’)
and the collisional thick-target electron injection spectrum ¥ ((Ep) by inversion
of the bremstrahlung spectral integral. This was shown analytically by Brown
(1971) for the Bethe—Heitler cross section and by Brown and Emslie (1988) for
the Kramer’s cross-section. Here we use the Kramer’s analytic case to demonstrate
how large the effect of A(€) can be on inference of source electron spectra. Specif-
ically we: (a) consider cases where the primary electron spectra are in fact power
law (E~ or EO_‘S), resulting in power law Iy(¢) in both cases (withy =5§+1,85—1,
respectively), (b) generate the total /,(¢) = Iy(e)(1 + A(e)) that would be ob-
served using Equation (3), (c) use the analytic inversion formulae to find out what
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Figure 1. Plots of best-fit parameters (solid line), along with the Bai and Ramaty data for the 10—

100 keV photon energy range.

F(E), F,(Ey) would be derived from that I,i(¢) if albedo were ignored, i.e., if it

were assumed that Iy = [i,.

The normalized Kramer’s approximation to the bremstrahlung cross-section is

_ &
(e, E) = —q(e, E),

where ¢ = 1 and Q is a constant.
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3.2. THIN TARGET

For this case the solution for the mean (thin-target) electron spectrum F(E) in a
source of mean density 7, volume V is (Brown and Emslie, 1988)

F(E) =

d
ﬁpVQoE [—E(GI(G):L_E . “)

In the case of a power law

Ip(e) = Ce™7, )
this yields

i — £ — M —y+1

F(E) = Fy(E) = V0, E ) (6)

However, in reality we observe I, = Io(1 + A(e)) rather than [y and if we
ignore the albedo correction by misidentifying I,,, (Equations (3) and (5)) with I,
then by (4) — we would infer

(y—1DC FapbE (14+a—(y +bE))
i,V Qo ’ y—1 ’

which is shown in Figure 3(a—d), or a mean electron spectrum wrong by a fractional
error

F(E) =

ErH [1 A )

AF(E) _ F(E) = Fy(E) _ AyE“e™ [(y + bE) — (a+ )]

Jon ) =2 E) Fo(E) y —1

)
which is shown in Figure 4.

3.3. THICK TARGET

Here the relevant electron spectrum is the total electron injection rate Fo(Ey) elec-
trons per s per unit £ and is given from the photon spectrum by Brown and Emslie
(1988) (with K = 2me*A):

K [ d?
%(Eo)z—[@(elo(e))] : ©)

QO e=Ey
For a primary power-law Ij(€), (5), this leads to

T K —y—1
Fo(Eo) = @C(V —-DE," . (10)

while if the albedo correction is added to I, and I, is misinterpreted as /; then one
obtains
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T K s
F (E()) = Q—CEO X
0

x [ELO(V — 1) + Agete <(y ~ D =25 =)+ (D

Ey T E
4 o L
+Eo <(E0 b) Eé))]

which is incorrect by a fractional amount

F (Eo) — Fo(Eg)  Ape’e ™ Ey

Joa) = TR Ey T v -1
NIV APYL 4 e 4
x[(y DG~ 25 b))+Eo((E0 b) Eg>]

which is shown in Figure 6.

3.4. RESULTING CORRECTION FOR THE KRAMER’S CROSS SECTION

Figures 3(a—d) show the plots of the recovered thin-target Kramer electron spec-
trum (solid lines) along with their respective primary electron spectrum (broken
lines) for the four values of y studied. The error in the recovered spectrum can be
observed as a ‘bump’ in the spectrum.

Figure 4 shows the fractional difference decreasing as y increases. It also shows
that the inferred electron flux at ‘X’ keV will be greater by ‘Y’ percent when the
effect of an albedo has been included. This percentage also varies with energy. For
example, at 100 keV, an error of approximately 35% is obtained for y = 2.

Figures 5(a—d) show the log plots of the recovered thick-target Kramer electron
spectrum ¥ (Ej) (solid lines) along with their respective primary electron spectrum
Fo(Ep) (broken lines) for the four values of ¢ studied.

Figure 6 shows the fractional difference decreasing as y increases. As previ-
ously mentioned for the thin-target case, there is an energy dependent difference in
the inferred electron flux where the effect of an albedo has been included. It is also
apparent from Figure 6 that the error in the thick-target is significantly greater than
in the thin-target case.

4. Discussion

RHESSI spectra have not been reported as exhibiting evident spectral bulges like
those shown in Figures 3(a—d) and 5(a—d). In order to redress this apparent discrep-
ancy the following explanations might be offered:

(1) The primary spectrum Iy(¢) had a dip where A(e) has a bulge, the two
offsetting one another. This seems too much of a coincidence to be plausible.
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Figure 3. Plots of observed electron spectrum F(E) (solid line) and primary electron spectrum FO(E )

(dashed line).
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Figure 4. Fractional difference between the observed and primary thin target (Kramer’s) electron
spectrum showing the fraction difference decreasing with increasing y .

(2) The bulges are present but have not been specifically noticed or reported as
such. In fact, the lower energy end of the bulge is down around 10 keV which may
be lost in the thermal emission component. The middle and upper end energy range
of the bulge looks somewhat like a downward knee in the deka-keV range. Such
features are regularly seen in data, cf., discussion in Kontar, Brown, and McArthur
(2002). Albedo may be a partial explanation of these.

(3) There are other corrections — especially that for non-uniform target ionisa-
tion in the case of thick-target primary sources discussed by Kontar, Brown, and
McArthur (2002) which have been ignored in this paper. Depending on the depth

(‘energy’) of the transition region, this correction might tend to either augment or

hide the effect of albedo on the spectrum.
(4) The assumption of an isotropic, point source (Bai and Ramaty, 1978) which

provided our source data for A(e) may require modification.
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Figure 5. Plots of cold thick-target electron spectrum ¥ (Eq) (solid line) and primary electron
spectrum Fo(Eq) (dashed line).
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Figure 6. Fractional difference between the observed and primary thick-target electron spectrum.

5. Conclusion

We have explored the effect of photospheric albedo on observations of global flare
hard X-ray spectra and derived an expression to allow approximate correction for
this in the case of primary power-law photon spectra. We have also examined, for
the Kramer’s cross-section, the consequences of ignoring the albedo correction in
using observed spectra to infer flare source electron spectra for thin and thick target
interpretations and shown that the effects are very significant in terms of inferred
spectral shape, especially for hard spectra. We have not extended the analysis to
other cross sections but we note that the effects of albedo on deriving electron
spectra will be even larger for more realistic smoother cross-section approxima-
tions, such as the Bethe—Heitler, than for Kramer’s because they filter the electron
spectral features even more. This is confirmed by our preliminary results for the
Bethe—Heitler case, to be presented in a future paper. We also note that the effects
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of albedo should be considered alongside other corrections such as that of nonuni-
form target ionisation in the case of the thick target beam model as discussed by
Kontar, Brown and McArthur (2002).
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