RECENT SOLAR X-RAY STUDIES IN THE UNITED KINGDOM

By K. A. Pounps

(Departement of Physics, University of Leicester. United Kingdom.)

RESUME. — On passe en revue les observations de rayons X solaires obtenus, ces derniéres années, en Grande-Bretagne
et qui comportent des événements enregistrés par le satellite Ariel, des mesures des rayons X solaires de faibles
énergies obtenues par le satellite NEL 1963-21 C. On donne aussi des indications sur des vols récents de fusées.
On discute bri¢vement la nature des rayons X émis par les éruptions solaires et leur mesure.

ABSTRACT. — Solar X -ray data obtained over the past year by scientists in the United Kingdom are reviewed. These
nclude several new X-ray events reduced from the Ariel satellite results, soft X -ray flux measurements from NRL
satellite 1963-21 C and notes on recent rocket studies in this field. A brief discussion is added on the nature of solar

flare X-rays and their measurement.

estome. — CpesaH 0630p HabaoxeEu# codHeyHHX Jydye#t X, IDOJVYEHHBIX B 3TH HOCJeJHHE TOAH B
Beauko6puTaHUE H COJEpHAIMUX COOBITUA 3aperMCTPHPOBAHHEIE CIYTHHKOM ApHeNb, H3MEHUS COJ-
HeuHblx Jyuell X ¢ HeGONBIOMMM 3HEPTHAMH, NOJyueHHHE COyTHWKoOM NRL 1963-21C. upHBexens
TaKKe YKa3aHHA 0 HEJaBHHX IHoJeTax paker. KpaTko o0CymiJeHa mpHpoJa Jydeit X, M3IyhaeMBIX

COJHEYHBIMHA BCHBIITKAMH, U HUX U3MEPEHHE.

The present report is a continuation of the
paper read at the Warsaw meeting of Cospar
(CULHANE et al. 1964) and reviews the new solar
X-ray data obtained in the intervening fourteen
months. In section one, results are presented
of several X-ray events measured by the propor-
tional counter spectrometer on satellite Ariel I
and the present position of this work is reviewed.
Section two summarises the X-ray data recorded
and analysed at the Radio Research Station,
Slough, from the ion chambers on board the most
recent NRL satellite 1963-21C. Some notes on
the present low level of non-flare solar X-rays are
given in section three, followed by a brief report
on the recent successful firing of a stabilized
Skylark rocket X-ray payload. In the final sec-
tion is a short discussion on the measurement of
solar X-rays.

1. ARIEL X-RAY SPECTROMETER.

(University College London
and the University of Leicester.)

The design and operation of the spectrometer
have been described earlier (Pouxps and WiL-
LMORE (1963a, b). Computer reduction within
the past year of the direct-transmission, or high-
speed, data have shown that the spectrometer
operated from launch on 26 April 1962, to 1 No-
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vember of that year. However, detailed ana-
lysis has revealed a slight calibration shift in the
spectrometer, becoming apparent after 6 May.
This shift, which was due to a -decrease in signal
amplification, resulted in movement of the wave-
length band, initially 4-14 A, toward shorter
wavelengths. In principle the flight data can
be corrected for this shift, but this has not been
done, since, though the wavelength change invol-
ved is small, the movement toward a region of
lower detector sensitivity, together with the rapid
fall of incident flux to shorter wavelengths, result
in generally low counting rates. The presence
of a fluctuating ¢ noise >’ count generated by geo-
magnetically trapped particles makes evaluation
of such data extremely uncertain. All the
results of the present section are from the period
from launch to 6 May, before the occurrence of
the above problem.

The McMata working list of flares for 1962
(DopsoN and HEpEMAN (1964)) shows a total of
24 flares and 4 subflares in the period 26 April to
5 May. X-ray records were obtained from Ariel
during 12 flares and in all but one a significant
enhancement in the 4-14 A emission was observed.
The exception was the importance 1 flare of
1 May commencing at 1150 U. T. No radio noise
increase nor ionospheric effects have been repor-
ted either for this flare. The X-ray record extends
from 1153 to 1202 U. T., covering the reported
Hx maximum at 1159 U. T. The absence of
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records from sixteen flares in this period results
from the satellite being in the Earth’s shadow,
from radiation interference and from periods of
no satellite contact with a ground telemetry
station.

1. 1 X-ray Profiles of some Solar Flares.

New data of the X-ray enhancements asso-
ciated with a number of flares are given in Fi-
gures 1-5. Also shown are the burst profiles
of microwave solar radio noise associated with
each flare. Brief notes are given below on each
diagram.

An importance 1 flare was reported to com-
mence at 1241 U. T., preceeded at 1240 by the
onset of a small, but extended ¢ gradual rise and
fall ” microwave burst. The X-ray counts in
channels 1 and 2 refer to incident wavelengths
centred on 12 and 9 A respectively and both are
seen to rise significantly within minutes of the
visible and radio flare onset. The increase in
X-rays of 12 A becomes apparent at 1242-43 U. T.,
whilst that at the shorter wavelength appears to
be some 4 minutes later. This measurement is
discussed in section 4.

The flare noted in Figure 1 was succeeded by a
second flare in the same plage region. The micro-
wave burst shown in Figure 2 is almost certainly
the sum emission from both flares. The lower
half of the diagram shows the mean 12 A X-ray

flux values for a number of satellite passes throu-
ghout this period. Points of note are the conti-
nuing X-ray enhancement at 1340 U. T., one hour
after the start of the first flare, and a secondary
increase between 1350 and 1400 U. T., presu-
mably associated with the onset of the second
flare. At 1520 U. T. the X-ray flux was back to
its pre-flare though the microwave increase was
not reported to end until 1640 U. T. This diffe-

. rence is probably real though the comparison of

the decay of such weak enhancements, with
techniques of differing sensitivities, is by no
means precise.

Partial X-ray recordson all five channels of the
spectrometer are shown for the importance 1 flare
of 1 May commencing at 1915 U. T. The res-
pective wavelength bands are centred near 12, 9,
7, 6 and 5 A. Gaps in the X-ray count record
for a particular channel occur when the satellite
spin points the photon counter away from the
Sun during the sampling of that channel. By
chance the spin period was almost precisely a
sub-multiple of the spectrometer channel step-
ping period on 1 May ; hence the extended breaks
and also continuous data runs on this day’s
records. The X-ray enhancement was already
large when the satellite telemetry pass began at
1917 U. T., only two minutes after the reported
Ho flare onset. Thereafter the X-ray flux in
each channel rose to a maximum value between
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Fi1a. 1. — Solar flare enhancement of 12 A X-rays and 2800 MHz flux.
Importance 1 flare of May 1, 1962 (1241 — 12562 — 1400 D) also importance 1 flare 1353.1356.1430 D).
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F1a. 3. — Solar flare enhancement of X-rays and 2800 MHz flux. Importance 1 flare of May 1, 1962 (1915-1924-1940 ).
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1920 and 1921 U. T., then fell fairly rapidly to
the end of the pass at 1928 U. T. Of considerable
interest is the similarity between the X-ray deve-
lopment and a flare-associated microwave burst.
The latter began with the Ha flare at 19156 U. T
rising slowly to about 1919 U. T., when a large
impulsive-type burst commenced. This latter
component reached a maximum at 1920 U. 'T. and
then decayed rapidly to the pre-1919 level by
1924 U. T. Of interest is the near-coincidence
of the times of peak X-ray and microwave fluxes
and the appearance in both cases of an impulsive
burst, superimposed on a longer lasting but lower
intensity enhancement. Both radio and X-ray

2800 MHz Flux (102Wm2Hz)

80L

40L

fluxes were considerably reduced by the time of
Ho maximum at 1924 U. T. The spectral changes
duing the decay phase of this flare are illustrated
later (Fig. 8).

The similarities between the X-ray and micro-
wave increases are again the most interesting
features associated with this importance 2 flare.
Very small flux changes over the first 24 minutes
of the flare were followed by a rapid * burst ”
increase in both X-rays and radio noise between
1411 and 1412 U. T. No satellite data was
received from 1413 to 1431 U. T.. when the flux
was again close to the pre-flare level. It is inte-
resting to note that A. E. CoviNgToN at OTTAWA
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Fia. 4. — Solar flare enhancement of X-rays and 2800 M, flux imp. 2 flare of April 27, 1962 (1346-1413-1440).
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has suggested that the microwave increase almost
certainly consists of an impulsive burst, from
1412-1414 U. T., superimposed on a longer las-
ting ¢ gradual rise and fall ” increase. These
measurements are discussed in Section 3. Fur-
ther points of note on this flare are the Ha maxi-
mum at 1913 U. T. and, probably more signi-
ficant, the occurrence of a strong group (impor-
tance 3 +) of type III radio bursts between 1412
and 1416 U. T.

The spectral development of the X-ray emis-
sion from this flare is illustrated in Figure 7.

The frustrations of solar studies from a single,
unstabilised satellite are demonstrated by Fi-
gures 4 and 5. In the former case the important
decay phase of the X-ray burst was lost through
the satellite being out of contact with a ground
receiving station. With the flare shown in
Figure 5, of importance 2 on 1 May, the satellite
moved out of the Earth’s shadow at 0651 U. T.,
just after the peak of a very large microwave
burst and, as waslater discovered, the occurrence
of a high energy photon burst measured from
satellite 0S0-1. The initial increase in the 12 A

X-ray flux (curve A) is due to decreasing atmo-
spheric absorption, but the subsequent rapid fall
at 0652 U. T. is of solar origin. An addition to
the continuity of the X-ray records of this flare
was provided by the satellite tape recorder, sho-
wing the long enduring component of the X-ray
enhancement from 0653 to beyond 0720 U. T.
(It was unfortunate that during the first week
launch, when most of the present data were obtai-
ned, the tape recorder was operated only inter-
mittently.) The tape-recorded X-ray data is of
lower precision, since only half the scaler stores
were read on this system, but the general form
of the X-ray decay of this flare is well determined.

1. 2 Flare X-ray Spectra.

In general the time resolution of the spectro-
meter was 51 seconds, the period of two full
spectral scans, to allow a ‘ solar ” and a ‘ noise
count for all channels. To determine the inci-
dent spectral distribution with reasonable pre-
cision it was usually desirable to average the
accumulated counts over several spectral scans
simply on statistical grounds, but the rapid
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Fia. 5. — Radio and high energy photon emissions associated with imp. 2 flare of May 1, 1962 (0642-0651-0804 D).
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changes in flux occurring during flares required a
compromise on this. However, despite the lack
of time resolution, interesting changes in the
speotral distribution of the short wavelength solar
emission during a fairly representative selection
of flares have been obtained. Examples are
given in Figures 6-8.

This was a subflare in Ha reported to com-
mence at 2300 U. T., on 27 April, 1962. The
X-ray flux increased from 2300 U. T. and was still
enhanced at 2311 U. T. when the satellite passed
into the Earth’s shadow. Spectra obtained during
the pre-maximum period 2301-2304 U. T. and
about the maximum in H« and in X-rays, from
2304-2307, are shown, together with a non-flare
spectrum obtained two hours earlier. It is appa-

rent that the flare enhancement is accompanied
by a gradual  hardening ”’ of the X-ray spectrum.
In fact, if the assumption is made that the non-
flare solar emission is unchanged by the occur-
rence of the flare, it is possible to obtain the spectra
of the flare alone. These are shown (dashed)
in Figure 6, and it is notable that they peak in the
short wavelength band of the spectrometer.
A small complex-type microwave burst was
recorded from 2300 to 2305 U. T. and a group of
type III bursts, importance I, at 2300-1305 U. T.
The X-ray profile of the importance 2 flare
commencing at 1346 U. T. on 27 April was shown
in Figure 4. During the early part of the flare,
when the X-ray enhancement was small, the spec-
tral distribution (second and third lowest curves
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F1a. 6. — Spectral development of X-ray enhancement associated with imp. 1— flare of April 27, 1962 (2300-2305-2315) .

https://doi.org/10.1017/5S0074180900179422 Published online by Cambridge University Press


https://doi.org/10.1017/S0074180900179422

RECENT SOLAR X-RAY STUDIES 67

LI |
Al

- .
0]

10

TNV T ¢
o]
31 2 4l

- - o-
Intensity erg cm 2gta?
| J

1040 _
- J
L X X 12.05—12.08 -
i © 13.48—-13.53 7
I o 14.02 i
I @ 14.12 ]
o + 14.30—14.35
- o/, ® 14.10 -
/
I 7y i
{
+
1()'5 1 L 1 1 1 L 1 1 1 .
5 7 9 1 13 Aa

Fia. 7. — Spectral development of X-ray enhancement associated with importance 2 flare of april 27, 1962 (1346 1413-144¢
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of Figure 7) was close to that before the flare
commencement (bottom curve). The spectrum
at 1410 U. T., however, shows a marked harde-
ning and at 1412 U. T., at the peak of the X-ray
burst, this harder spectrum is maintained, though
with greater intensity. The similarity in spectral
shape from 1410 to 1412 U. T. and the enhan-
cement at shorter wavelength first during the
‘“ burst ”’ phase, are notable features of this flare
record. It is interesting to note that the marked
ionospheric response to this flare began in the
D-region (SPA starting 1410 U. T.) and moved
to the E-region (SFD at 1412-1414 U. T.).

Spectra obtained during the decay phase of the
flare illustrated in Figure 3 indicate a gradual
“ softening ”’ of the flare X-ray spectrum. Again
the flare emission is seen to dominate the sclar
spectrum over the whole 4-14 A wavelength
band. The lower curve of Figure 8 was typical
of the immediate pre-flare emission.

1. 3 X-rays as a Coronal Activity Index.

Earlier reports have discussed the correlation
of the level of non-flare X-rays with coronal green
line and 2800 MHz flux and have shown that all
three indices follow a general pattern determined
by the density of semi-permanent active centres
in the corona and chromosphere (CULHANE ef al,
(1964), WxiTE (1964). A small number of cases
have been found in the Ariel X-ray data where
short-term increases in the X-ray flux coincided
with no reported flare. Examples are given in
Figures 9 and 10. It has been pointed out before,
of course, that the X-ray flux is likely to be a
better guide to coronal activity than visible obser-

vations, referring to the lower solar atmosphere.
In addition, it is clear that X-ray flux measure-
ments below 20 A are capable of both higher
sensitivity and better time definition than visible
observations.

The 12 A X-ray flux late on 1 May was near
the mean * quiet ” level for that day between
1727 and 1733 U. T. On the next satellite pass,
however, this flux level was increased by 100 per
cent. The importance 1 flare reported in Fi-
gures 3 and 8 was still 20 minutes in the future
and no 2800 MHz enhancement was found. The
only simultaneous activity reported was an * irre-
gular rise and fall ”’ increase at 200 MHz obtained
a Paramaribo, listed from 1850 to 1857 U. T. with
peak flux of 250 units.

The mean X-ray count per tenth second coun-
ting interval, averaged over complete passes on
2 May are shown. FEach pass coincided with no
reported flare or microwave activity and sho-
wed a * quiet ”’ flux for the day of 5 to 8 counts.
However, two significant enhancements were
found in successive passes near 1300 U. T. and
appear most likely related to the late stages of
an importance 2 limb surge, commencing at
1233 U. T. and extending 2’.8 above the limb
before 1300 U. T. If, as seems likely, the surge
was associated with a flare just hidden behind the
solar limb then this measurement may indicate
that at least part of the X-ray source occurred
higher in the solar atmosphere than the visible
flare. Comparison of a complete profile of such
a surge measurement with those obtained from
disc flares could be important in separating likely
X-ray mechanisms (see discussion of section 4).
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Fia. 9. — X-ray levels during 1 May, 1962. Imp. 1 flare commences 1915 U. T.
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F16. 10. — Small X-ray enhancement associated with a bright limb surge, May 2, 1962.

2. NRL SATELLITE 1964-01D
(Radio Research Station, Slough).

Monitoring the solar X-ray flux in a number of
wavelength bands with an array of narrow-band
ion chambers has been continued on the latest
NRL piggy-back satellite 1964-01D. A team at
the Radio Research Station in Slough have been
recording data from this satellite since the begin-
ning of 1964. According to the arrangement made
in respect of these satellites the analysis and eva-
luation of such data is open to the scientists at
the recording station. Figure 11 presents the
complete record of mean-X-ray intensities in the
44-60 A band recorded in each pass of the satel-
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lite over the Winkfield tracking station. Calcula-
tion of the absolute intensities has been made fol-
lowing KrREPLIN (1961) by assuming an incident
grey-body spectrum of 5.10° °K temperature.
It is notable that throughout eight months
of observation the 44-60 A flux thus com-
puted never fell outside the limits 1.3
to 4.5.10—2 erg cm—2 s—2. The data is very
largely non-flare though on a small number of
occasions flares occurred during a pass, but with-
out a noticeable effect on the X-ray flux. Com-
parison with the mean daily 2800 MHz flux in
Figure 11 reveals little correlation. Recordings
of 8-12 A and < 8 A fluxes are still being reduced
at Slough but these do show more positive micro-
wave correlation. A fuller report of this work
is being prepared for publication by L. THOMAS
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F1e. 11. — A summary of 44-60 A measurements made through 1964
by the R. R S. Slough, England, from the N. R. L. satellite 1964-01-D.

and R. T. VEnaBLES of the Radio Research Sta-
tion staff.

3. RookET STUDIES (University of Leicester).

The use of a simple photographic device
(Pounps and BoweN (1962), Pounps and SAN-
FORD (1963)) for monitoring the X-ray spectrum
below b5 A during Skylark rocket flights has
continued over the past eighteen months. Eight
satisfactory measurements have been made. Of
these the full analysis of four await rocket atti-
tude solutions, but the remainder, all occurring
at very low solar activity, have given repeated
measurements of what appears to be the near-
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minimum solar flux in this wavelength band.
Combination of these measurements with those
from the NRL satellite data given in section 2
provide the following figures for near-minimum
X-ray fluxes :

<8A = 5.10%erg.cm—2 s—1) for a 2800 MHz
8I12A = 2.10+4 » daily index
4460 A =1.3.103 » of 74.0

A valuable addition to the research facilities
of solar workers in the U. K. was marked just a
week ago with the flight at Woomera of a Sun sta-
bilised Skylark rocket. A system of optical eyes
and gas jets, developed by Elliott Bros, in
conjunction with the Royal Aircraft Establish-
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ment, control the complete instrument section
of the Skylark in yaw, pitch and roll. Prelimi-
nary reports of the firing on 11 August indicate
satisfactory operation of the control system with
maximum lateral deviation of 3 arc minutes and
roll drift of less than 5 degrees. The scientific
payload included two X-ray experiments, pre-
pared by Dr. P. C. RusserL and Colleagues at
Leicester University, to study the solar image in
several wavelength bands with an array of pin-
hole cameras and to obtain high resolution spectra
by means of a photographic bent crystal spec-
trometer. Early reports indicate that the former
experiment operated well and has given several
X-ray images of the Sun in the wavelength region
10 to 60 A. A report of this work will be publi-
shed as soon as possible.

4. DI1SCUSSION ON SOLAR
X-RAY MEASUREMENT.

The flare X-ray results from Ariel I, some
examples of which have been presented in sec-
tions 1 and 2, show important correlation with
the flare associated radio bursts, parvicularly at
frequencies in the microwave band near 3000 MHz.
These data appear to support the suggestion made
in an earlier review of the Ariel results (Bowen
et al, (1964)) that both thermal and non-thermal
processes are involved in the X-ray emission asso-
ciated with solar flares, as 1s believed to be the
case with the microwave bursts. Witnin the
limitations of the present X-ray data it would
appear likely that events such as those shown in
Figures 3, 4 and 5 of this paper involve a dual
mechanism. More generally, this may be true
for the majority of flares, with the thermal pro-
cess being dominant in some events and non-ther-
mal mechanism(s) most important in others.
In the writer’s view there is now considerable
evidence in support of non-thermal processes being
important in the X-ray production of flares, with
perhaps the most likely mechanism being electron
bremsstrahlung. First, there is ample optical
evidence for rapid material movements in the
“ flash phase ” of flares. Second, the generally

accepted synchroton explanation of the impulsive
microwave bursts require acceleration of electrons
to several hundred kilovolts. Third, the uniform
spectrum obtained during the flash phase of the
X-ray burst shown in Figure 7 is most readily
explained in terms of an increasing flux of elec-
trons moving through a given accelerating field.
Fourth, the anisotropic photon emission could
provide an explanation for the old problem of the
high occurrence of ionospheric crochets with
flares near the limb (DobpsoN and HEDEMAN
(1958)), given that the most probable electron
braking would occur when the flare electrons are
directed towards the dense, lower layers in the
solar atmosphere.

A definitive explanation of flare X-rays pro-
bably must await the high resolution spectral
studies of individual solar regions and these should
be possible in 3 or 4 years using the stabilised
vehicles such as OSO and Advanced OSO. Howe-
ver, it is evident that considerable progress can
be made with further development of proven
techniques such as the counter spectrometer on
Ariel I. The main requirements appear to be
improved time resolution, better than 10 seconds,
simultaneous cover of a wide spectral band, 0.1
to 100 A, and uninterrupted measurement. Two
small, stabilised satellites, equiped with tape
recorders, could readily provide this data and it
is interesting to note that from the aspects of
frequency of spectral scanning and of absolute
photometry such a technique will probably
remain the best available for some years ahead.
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Discussion

L. GorLpBERG. — Have there been observations
of 2800 MHz bursts that have not been accompa-
nied by X-ray bursts when these could have been ob-
served ?

K. A. Pounps. — In the period 26 April to 6 May
there were 6 separate 2800 MHz bursts which coincided
with Ariel I X-ray records. All six showed a signi-
ficant increase in X-ray flux. In addition X-ray
increases were found for each of 3 coincident microwave
bursts at 3750 MH and on the 1 burst at 2980 MHz
On the other hand, several X-ray increases occurred
with no concurrent microwave burst. All these X-ray
enhancements were small (x 2 or 3), however.

A. J. DEuTscH. — For eventual comparison with
observations that will be made of X-ray radiation
from the stars, it will be desirable to accumulate rather
standardized measurements with solar flux. In the
Sun and the stars, those radiations are likely toexhibit
time variations that are associated with the periods of
axial rotation, and with both the periods and ampli-
tudes of the primary magnetic cycles.

R. L. F. BoyD (recorded by J. L. STEINBERG). — I
would like to say the same thing from the point of
view of the ionospheric physicist.

Y. OamaN. — I wonder, Dr. PouNDs, if the effect of
isotropic radiation giving stronger intensity at the
limb could have a bearing also on optical phenomena
such as continuum emission in connection with flares.
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I want to draw attention to a similar effect of polariza-
tion which should appear in the continuous emission
spectrum when H— is formed by electron impact. I
owe this information to a discussion with Dr. Runp-
GREN at Pr. L. HULTHEN’S laboratory in Stockholm.

M. J. SEATON. — I doubt-whether one can get pola-
rization in the H™ continuum.

M. J. SEATON. — Could Dr. PoUNDS give a value of
the temperature which he deduces from the spectral
distribution of slowly decaying flare X-rays ?

K. A. Pounps. — From the study of the spectral
distribution of the prolonged component of the flare
enhancement, which is presumably of a thermal
character, it should be possible to derive a figure for
the local electron temperature. However, to do this
with spectra of moderate resolution, assumptions
must be made regarding the detailed distribution of
energy in the continua and in the lines. Such an
interpretation has been attempted for a few flare spec-
tra using ELWERT’S estimates of line continua ratios.
For the flare spectra of figure 6 a figure of 10-12 mil-
lion of degrees is derived. The recent work of BUr-
GESs showing the importance of dielectronic recom-
bination in collision controlled plasmas must now
be taken into account and, at first sight, the increase
in line emission probably resulting would lead to a
somewhat higher temperature for the flare X-ray
spectrum.
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