AD=Al1l 360 AEROSPACE CORP_ EL SEGUNDO CA SPACE SCIENCES LAR F/6 3/2
ELECTRON DENSITIES IN A SOLAR FLARE DERIVED FROM X=RAY SPECTRA,.(U)
JAN 82 D L MCKENZIE, R M BROUSSARD F04701=81-C=0082

UNCLASSIFIED TR-0082(2940-01)-1 SD=TR=81~106 NL




& ({28 .

== % & 22

=t

. c R =

B = IR

— 2

22 s s

—_— = =
MICROCOP\/ARESOLUTION TEST CHART | J

L
NATIONAL BUREAU OF STANDARDS 1963-A




st oo MRl 5 s 0 sttt s

.

SPACE DIVISION
AIR FORCE SYSTEMS COMMAND
Los Angeles Air Force Station
P.0. Box 92080, Worldway Postal Center
Los Angeies, Calif. 90009

N, 82 02 25 006




Lo

This report was submitted by The Aerospace Corporation, El Segundo, CA
90245, under Contract No. F04701-81-0-0082 with the Space Division, P.0. Box

92960, Worldway Poatal Center, Los Angeles, CA 90009.

It was reviewed and

approved for The Aerospace Corporation by G. A. Paulikas, Director, Space

Sciences Laboratory.

Lt Randall S. Weidenheimer, YLVS, was the project

officer for Mission-Oriented Investigation and Experimentation (MOIE)

Programs.

This report has been reviewed by the Public Affairs Office (PAS) and is

releagsable to the National Technical Information Service (NTIS).

At NTIS, 1t

will be available to the general public, including foreign nations.

This technical report has been reviewed and is approved for publication.

Publication of this report does not constitute Air Force approval of the

report's findings or conclusions.
stimulation of ideas.

- s

Randall S. Weidenheimer,
Project Officer

nd Lt, USAF

FOR THE COMMANDER

William Goldberg, Colonel, USWE
Deputy for Technology

It is published only for the exchange and

Florian P, Meinhardt, Lt Col, USAF
Director of Advanced Space Development

o




—— .

I ‘M\-_j

SECUMTY CLASSIFICATION OF THIS PAGE (When Data Entered)

REA STRUCTI
REPORT DOCUMENTATION PAGE - g L
1. REPORT NUMBER 2. GOVY ACCESSION NO.J 3. RECIPIENT'S CATALOG NUMBER
- -81.10 /
SD-TR-81-106 L L 3L D |
4. TITLE (and Subtitle) 5. TYPE OF REPORT & PERIOD COVERED

ELECTRON DENSITIES IN A SOLAR FLARE
DERIVED FROM X-RAY SPECTRA

6. PERFORMING ORG. REPORT NUMBER'

TR-0082(2940-01)-1

[ m
$. PERFORMING ORGANIZATION NAME AND ADDRESS 10, PROG A M ELEMENT, PROJICT. TASK
REA & WORK U | NUMBERS

7. AUTHOR(3) 8. CONTRACT OR GRANT NUMBER(s)

D. L. McKenzie, R. M. Broussard, .
P. B. Landecker, H. R. Rugge, R. M. Young, F04701.81.C-0082
G. A. Doschek, and U, Feldman

The Aerospace Corporation
El Segundo, Calif. 90245

1. CONTROLLING QFFICE NAME AND ADDRESS 123. REPORT DATE
Space Division 15 January 1982
Air Force Systems Command 3. NUMBER OF PAGES
Los Angeles, Calif. 90009 19
4. MONITORING AGENCY NAME & ADDRESS(i? ditferent from Controlling Oltice) 18, SECURITY CLASS. (of thie report)
Unclassified

[sa. D'tCéA-S-sl FICATION/ DOWNGRADING
SCHEDULE

bt ———
18. DISTRIBUTION STATEMENT (of this Report)

Approved for public release; distribution unlimited

17. DISTRIBUTION STATEMENT (of the ebgtract entered in Block 20, if ditferent from Report)

18. SUPPLEMENTARY NOTES

19. KEY WORDS (Continue on reverse side I{ necessary and identily by bdlock number)
Sun: Coronal Density J
Sun: Flares - -
Sun: X rays

20‘ ABSTRACYT (Continue on reverse elde If necessary and identily by block number)

We obtained high resolution solar x-ray spectra during the rising phase of a

major solar flare between 0807 UT and 0905 UT on 1979 June 10. Measnsr
S,

ments of the density sens:.twe&lme ra.tlo, R of the O VII 1s Q- 1s2s
(22.10 A) flux to the O VII 1s¢ Is tg2p 3Py (21.80 Ai flux éndxcates that the
density of the plasma at around 2 x 10 K exceeded tol near the peak
of the flare, B .. ce
FORM
°°...c.,m. 1413 Y UNC LASSIFIED

'yf S L <. SRCURITY CLASMFICATION OF THIS PAGR (When Dats Entered)




R T

PRV i o

PREFACE

We wish to thank W. T. Chater, C. K. Howey, R. L. Williams,
P. A, Carranza, A. DeVito, W. Eng, K. Higa, D. A. Roux, J. H.
Underwood, and D. Y. Watanabe for their contributions to the design, fabri-
cation, and testing of the Aerospace P78-1 payload. The support of the
Aerospace and Air Force Space Test Program personnel and the mission

control team at the Air Force Satellite Control Facility is also appreciated.

R O S
VOl AT “ i
ML L EERFYS M b £

;

B N A

.




. ' CONTENTS

PREFACE . . . i it it ittt it i e ettt st st as o s o oe e

I.  INTRODUCTION . .o ttvnetuannieananennnnnn., 7 ‘
| II. DENSITY-SENSITIVE HELIUM-LIKE LINE RATIOS ....... 8 1
L : II.  OBSERVATIONS .« . tvvvtvveeeinaennnnnns 12
REFERENCES . .. ovtiitne it ittt 17 |
3
L]
3
f
i
s NI PR AR
; _—
L_."’“f";.;:“;”‘.:;:——-é i T T AN e i e i T Ty T e
e e et it i st et B i e




FIGURES

The O VII line spectrum around 22 A wavelength at
various times during the flare of 1979 June 10 ......... .. 11

The electron density of the flare plasma from
which the O VII lines are emitted plotted as a
function of time . .

s & ¢ o o 0 0 »

" s 8 0 s 0 & 15




SR bt

o T TR R R e e e

R VR S

I. INTRODUCTION

The United States Air Force Space Test Program P78-1 satellite,
patterned after the NASA OSO-7 satellite, carries in its sun-pointed
section a set of solar x-ray experiments, includiag two collimﬁ.ted
crystal spectrometers built by The Aerospace Corporation. Each
spectrometer may exposc either an ammonium dihydrogen phosphate
(ADP; 2d = 10.64 A) of a rubidium acid phthalate (RAP; 2d = 26. 12 4)
crystal to the mechanically collimated x-ray flux. All of the crystals
are on a common plate, and they are arranged so that one spectro-
meter obtains a spectrum using ADP while the other uses RAP. The
SOLEX A spectrometer has 20 arc sec collimiation and a propor-
tional counter detector with a 5.2 x 107> gm-cm'2 beryllium window,
and the SOLEX B spectrometer has 60 arc sec collimation and a
channel electron multiplier array detector filtered with 1.9 gm of
polypropylene with a 245 nm aluminum film. A complete instrument
description is given by Landecker, McKenzie, and Rugge (1979).

On 1979 June 10 at about 0900 UT we observed a major solar flare
with the RAP crystal of the SOLEX B spectrometer. Because of |
its small field of view and a coalignment error between the
spectrometers of about 27 arc sec, the SOLEX A spectrometer
made no observations of this flare. The spectra were obtained
by scanning back and forth between Bragg angles of 17, 4° and

61.7° (7.8 - 23 X) at a rate of 0.525 degrees-s'l. A full scan

-7e

[




took 84.5 sec. A line list identifying more than 100 lines
observed in this flare has been compiled (McKenzie et al. 1980).

‘ This paper discusses measurements of the density sensitive

O VII lines near 22 A.

. DENSITY-SENSITIVE HELIUM-LIKE LINE RATIOS

Gabriel and Jordan (1969) proposed that the inteasity ratio,

2 150 - 182s 351 forbiddean line to the laz 150 -

intercombination line of the helium-like ions would

R, of the 1ls

1s2p °p,
be a good density diagnostic for solar plasmas. A later
publication (Gabriel and Jordan 1972) modified slightly the
original analysis. We will use the results from this later

{ paper. For electron densities, n,, below a critical value,
ne*, the excited levels are populated from the ground state by
collision, and decay by radiative transitions directly, or by
cascade, to the ground state. For a, exceeding ne*. collisions -

3 3 -

cause transitions of the form 2s “S—2p "P, decreasing the

ratio R below its low density limit. The expression relating

R and n, is given by Gabriel and Jordan (1969, 1972):

1+F
B

AR 35— ls)
[ncC(Zﬁsg-z 3P)+¢](1+F3)+A(2 S5l ls)

3

| R = -1}, @

3

where A is the spontanecus decay rate, C is the collisional

3

rate coefficient, P is the poto-excitation rate from 2 3S_ to2 P,
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3
F =Sl S=22.5) 2)

C(l "S—=2 “P)

3

and B, is the effective branching ratio for 2 "P—>l ]'S transi-

3
tions. Although its theoretical value is 0.2, F3 is usually set
equal to 0. 35 so that RO’ the last term in parentheses in
Equation (1), and thé low-density value of R, agrees with
observations. This, in effect, empirically takes cascades into
account. 9Pis negligible for atomic number, Z, above 6.

Following the publication of Gabriel and Jordan (1969) a
number of papers appeared reporting surprisingly high densities
derived from measurements of R in solar active regions or
flares (e.g., Walker and Rugge 1970, Freeman et al. 1971).
A number of observational difficulties render these results
ambiguous. The measurement of R can be compromised by low
spectral resolution (e.g., Rugge and Walker 1971) or by the
presence of satellite lines resulting from innershell excitation
of, or dielectronic recombination to, the lithium-like ions
(Gabriel 1972, Bhalla, Gabriel, and Pi'esnyakov 1975). To avoid
ambiguity, high spectral resolution observations of a statistically
significant change in R are required.

The He-like species O VII, Mg XI, and possibly Si XIII and
S X.V are best suited for the determination of solar flare
coronal electron densities. For N VI and C V the lines under

discussion have waveleagths unreachable by high resolution
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these observations. In contrast, the O VII observations are .

crystal spectrometers. The Ne IX intercombination line is close
in wavelength to a number of Fe XIX lines that are much stronger
in flares than the neon lines (McKenzie et al. 1980). The values

12 13

of n ¥ for Mg XI, Si XIII, and S XV are 1.8'x 10°%, 1.3 x 10'%, -

and 8.9 x 10%3

» respectively (Gabriel and Jordan 1972), and for
higher Z species ne* is even larger. In addition, contamination
by satellite lines increases with increasing atomic number
(Bhalla, Gabriel and Presayakov 1975). For the June 10 flare
our spectra include observations of O VII and Mg XI. We see @
no significant change in R for Mg XI, but the data are degraded 4
by low intensity in the intercombination line, large background 1

fluctuations and relatively poor spectral resolution. Therefore,

no conclusion regarding the plasma density can be drawa from -

well suited for density determinations. The RAP crystal spectro-
meter resolves the O VII lines very well (see Figure 1), and

satellite lines are very weak for Z =8. The O VII line ratios

are gsensitive to densities above about 7 x 109 cm's, a level

expected to occur frequently in flares. Finally, the spectrometer's
collimation preveated coantamination of the measuremeat by O VI
emission from solar active regions (Acton et al. 1972) or the

quiet corona (McKenzie et al. 1978). In the Temainder of this
letter we treat the O VII observations. We are thus treating oaly

that part of the flare plasma that emits O VII radiation; that is,
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Fig. 1. The O VII line spectrum around 22 A wavelength at
: various times during the flare of 1979 June 10,
- After 0849 UT a dramatic decrease in the ratio, R,
- . of the forbidden (22.10 A) to intercombination
A (21.80 A) line can be seen, This is indicative of an
increase in the density of the emitting plasma,
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that part of the plasma having a temperature of about 1-4 x 106

K.
II. OBSERVATIONS
The June 10 flare developed in two stages over a relatively »
long period of time. The SOLRAD 1l x-ray detectors showed 4
an abrupt flux increase starting at around 0805 UT. The flux 4
then remained almost constant between 0815 and 0845 UT. 3

The major x-ray burst started at 0845 UT, peaked at about

0905 UT and then decayed slowly. Solar Geophysical Data

Prompt Reports lists a large Ha flare in McMath region 16051, -

starting at about 0804 UT and ending after 0900 UT. It is
therefore likely that the SOLRAD x-ray flux enhancement all
arose from this active region, which was the one viewed by
our spectrometer, Our first x-ray spectrum, taken at around -
0807 UT, showed line fluxes somewhat higher than those typical
of bright active regions. Enhanced emission from Mg XII, and -
probably Fe XIX, indicative of temperatures higher than those
usually present in nonflaring active regions, provides strong
evidence that the early x-ray flux enhancement observed by
SOLRAD 11 occurred at least partially in the spectrometer field
of view. It is, however, possible that the brightest part of the
flare was not in our field of view at any time.

Figure 1 shows sample x-ray spectra in the 22 A region for
the 10 June flare. The ratio R of the forbidden (22.10 .R) to inter-

combination (21. 80 3.) line obviously decreases during the flare. This

-12a




indicates that as the flare progressed toward its peak intensity

the O VII emission arose from a denser plasma.

' Ten usable O VII spectra were recorded between 0810 and

0825 UT, during the early phase of the flare. Since all ten "
spectra had comparable counting rates, we use the mean
obtained by simple summation to characterize R. Thus R =
3.19 + 0.18, where the error is the standard deviation of the
mean. This is somewhat lower than the empirical low-density -
limiting value, RO’ of 3.6 given by Gabriel and Jordan.

Acton and Catura (1975) have reported experimental measure-

ments of R in 'nonflaring solar regions ranging from below
{ 3.0 to above 4.3 with a mean of 3.6, and McKenzie et al.

(1978) found that R = 4.2 + 0.2 for the solar corona outside

active regions. All of these determinations are somewhat
dependent upon data analysis techniques. As a check on our
technique we determined R from nine nonflaring active region
spectra; obtained with the same spectrometer used for the

June 10 observations. Summing the spectra as before we find
R =3,70 + 0.18. Thus, although we did not actually observe a

change of R from around 3,6 to 3,19, it is likely that the deasity

exceeded ne* even in the early phase of the flare. When data

from Gabriel and Jordan (1972) are put in Equation (1) we have

e ————— e x

[

' ] 10 /3.6
) ne-6.64x10 " - 1 cm . (3)
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Equation (3) gives n_ = (8.5 + 4.2) x 107 cm™3 for the early
phase of the June 10 flare.

Conclusions regarding the density of the plasma emitting
the O VII radiation during the second, and more intense, phase

of the flare are not subject to such uncertainty. The dramatic

change in R is obvious in Figure 1. Mewe and Schrijver
(1978a, b) have done a detailed investigation of the behavior of
the helium-like ions including explicitly the effects of cascades,

recombination, innershell excitation and departure from

ionization equilibrium on the line ratios. Departures from
ionization equilibrium can produce variations in R, but with

{ " any realistic nonequilibrium flare model, a very large change
can occur only for a very short time (Mewe and Schrijver
1978b). Thus the change in R observed here must indicate that

the O VII lines arise from a denser plasma at the times of the !

later observations. Iategrating the line flux and correcting
for background and instrument response we find that R

- ) ranged from 2.22 + 0.23 at 0852 UT to 0.94 + 0. 08 at 0901

10

4 UT. The corresponding density range is 4x 10"~ - 1.9 x

101} em=3, Figure 2 shows the density derived from mea-
surements of R as a function of time. The error bars are

1 ) ; + ¢. By using a more recent analysis of Peacock and Summers

. (1978) we derive densities lower than those in the figure by a

x

E ' factor of 1.3-2, so considerable uncertainty exists. Neverthe-
[ less we can conclude that near the flare peak the 2 x 10
E l

|

i
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flare plasma had a density exceeding 101! em"3. This

corresponds to an electron pressure of about 30 dyne -cm'z.
The possible ways of interpreting the apparent increase
in density derived here fall into two categories. First it
is possible that the flaring plasma actually increased in
density through a compression. Alternatively we might
be observing the heating o.f an already dense cool plasma
to a temperature of around 2 x 106 K so that O VII line
radiation is emitted. For example, as time progresses,
successively deeper (and denser) layers of the solar
atmosphere might be heated to, and through, the tem-
perature regime wherein O VII is abundant. In this way
the O VII lines would arise from denser regions as the
flare progressed. Unfortunately, for this flare, the only
available density information comes from the O VII lines,
and these provide data only for plasma in a limited
temperature range. This information is too incomplete

to allow us to distinguish a real compression from a simple

heating of denser regions as time progresses.
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' LABOBATORY OPERATIONS

The Laboratory Operations of The Aerospace Corporation is conducting exper-
imental and theoretical investigations necessary for the culunu’u ond applice~
tion of scientific advences to naw military space systems. Varsstility sad
flexibility have been developed to s high degree by the laboratory personnel im :
dealing with the wsny probless encounterad in the nation's rapidly daveloping ;
spsce systems. Expertise in the latest scientific developaents is vital to the i
accomplishment of tasks related to thess problems. The laboratories that coe~
tribute to this research are:

Asrophysics hbouton Leunch wvehicle and reentry serodynsaics sad hest
transfer, propulsion chemistry and fluid wechanics, structursl sechanica, flight 4
dynanics; high-tempsrature thermomechanics, gas kinetics and redistion; research
in envirommental chemistry and contamination; cv and pulsed chemical laser

development including chemical kinetics, epectroscopy, optical resomstors end
beam pointing, atmospheric propagation, laser effects aond countermessures.

Chenfstry and ;_l'!z-tu Lsbdoratory: A pheric chemicsl resctions, etmo-
spheric optics, T scattering, state-specific chemical resctions and redis-
tion transport in rocket plumes, spplied laser spactroscopy, laser chemfstry,
battery electrochemistry, space vacuus and radiation effects on esterisle, le-
brication and surface phenomens, thermiomic smission, photosensitive materials
and detectors, atomic frequency standards, sad dloenvirommental ressarch and
monitoring.

Zlectronics Research Ladoratory: Microelectronics, GeAs low—-uoise and
pover devices, sesiconductor ﬁun, slectromagnetic and optical propagation
phenomana, quantum electronics, laser communications, lidar, and electro-optics;

communication sciences, applied electronics, semiconductor crystal and device
physics, radiometric imaging; millimeter~wave and microwave technology.

Information Sciences Resesrch Office: Progras verification, progrem trans-
lation, perforwance-sensitive systes design, distriduted aerchitecteres for
spaceborne computers, fault-tolerant computer systems, artificial intelligence,
and microelectronice applications.

Materisls Sciences L-bontogz: Development of new materisle: metal mstrix
composites, polymers, @ new forms of carbon; component fatlure analysis and
reliadbility; fracture sechanics snd stress corrosion; evalustion of materials im

space environment; ssterials performance in space transportation systems; anel-
ysis of systess vulnersbility and survivability in enemy~induced environments.

Space Sciences Laboratory: A pheric and {4 phatic physics, rediation

fros tEo stmosphere, density and composition of the upper atacsphere, aurovae

. snd airglow; magnetospheric physics, cosmic rays, generation and propagation of
plasss wvaves in the magnetosphere; solar physics, infrared estronomy; the

sffects of nuclssr explosions, wmagnetic storms, end eolar activity on the

. sarth's phere, 1 phere, and g phere; the effects of optical,

slectromagnetic, and particulate radfations in gpace on spsce systeme.
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