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Abstract. Line emissions from nitrogen-like ions Ne1v, MgvI, and Alvil have been studied as a diagnostic
probe for the emitting regions of astrophysical plasma. Line intensities from these ions have been calculated
and compared, in this study, with available observational data for solar plasma.

1. Introduction

The density diagnostics of solar EUV emission lines from nitrogen-like ions have been
studied in the past by Raju (1978), Feldman et al. (1978), Bhatia and Mason (1980),
and Dwivedi and Raju (1988). In the paper by Raju (1978) only the results were briefly
reported. Dwivedi and Raju (1988) reported results, for want of space, on detailed
investigations for Siviil and SX only. The aim of the present paper is to report the
investigations on the other relevant ions, namely, Ne1v, Mgvi, and Al viI of the nitrogen
sequence. Line intensities from these ions have been computed using a model atmo-
sphere by Elzner (1976).

2. Energy Level Diagram for Nitrogen Sequence

The schematic energy level diagram comprising the first thirteen levels is shown in
Figure 1. The ground configuration 2s>2p> consists of five fine structure levels S5,
’D?,,%D3),, %P}, and *P3),. The higher configuration 2s2p* consists of *P, 2D, *S, and
2P states. We have adopted the ordering of various levels as given by Wiese et al. (1966,
1969). The level 2DJ, is lower than ?DJ), in our case. This is so up to Mg V1. For Alvil
the order is reversed. Bhatia and Mason (1980) obtain level 2D3), lower than *DJ,,. In
addition, the level 2s2p* 2D , is higher than the level 252p* ?D; , in our case. Whereas
Bhatia and Mason (1980) get these levels reversed.

3. Emission Rates

The line emissivity E(J, i) for a line can be expressed as
_ NG, Dhv(, i)
4n
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Fig. 1. Energy level diagram for Ni-like ions.

where N () is the level population of the upper level, A(j, i) is the spontaneous transition
probability. Av(}, i) is the energy difference between the lower level i and the upper level
Jj. Thus, the problem reduces to the calculation of the level population N(j). To compute
N(j) we assume steady-state condition and set up the balance equation for the thirteen
levels. The balance equation for the level j can be written as

N(J')[Z A, ) +n,CL D + Y nCU, k)] =

= 2. NO[RG)+nCG:N]+ Y NK)[AK j) + n.Clk, )], @

where n, is the electron density, C(m, n) are the electron collision rates, and R(i, j) is
the photon-excitation rate. The various physical processes which maintain the steady
state for a given level are the following: (i) electron collisional excitations and spon-
taneous radiative de-excitations for allowed transitions, (ii) electron excitations, electron
de-excitations, and spontaneous radiative de-excitations among the ground-term levels.
We have neglected the radiative excitations as they are small for electron densities above
107 (cm ~ ). In Figure 1 the collisional processes are shown by continuous lines and the
radiative processes by broken lines.

The collisional rates for forbidden transitions among the ground-term levels are
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expressed in terms of collision strengths Q(i, j) as

C(i, j) = 8.63 x 10~ Q(, j) exp [ - h‘;((;’ i):l/co(i)T,_,‘/2 (cm3s—1) 3)

e

for excitations ,

S gy @) (LD 5
C(j,i)=C(@,)) o) exp|:+ T ](cm s~ 1) ()

e
for de-excitations .

In case of allowed transitions the collisional excitation rates are given by the expres-
sion

Clp = 170 x 10 gftpexp| < 0] [T, 1) s,
e ©

where T, is the electron temperature, @’s are the statistical weights, f(i, j) is the oscillator
strength, g is the Gaunt factor. To facilitate computations we have assumed g = 0.5 for
all the transitions. W, (J, i) is the energy separation in electron volts.

The emissivity given by Equation (1) can be rewritten as

1.59 x 10~% A(j,i) N(j) N(on)
4n A(j, i) N(ion) N(E)

E(j,i) = A(E)n,

3

(ergscm~3s~!sr 1), 6)
where A(j, i) is the wavelength in A. N(j)/N (ion) is the population of the level j relative
to the total population of the ion N(ion). N(ion)/N(E) is the relative population of the
ion, for the element E. A(E) is the relative abundance of the element with respect to
hydrogen. The relation N(H) = 0.8#n, has been used in arriving at Equation (6). N(H)
is hydrogen abundance. N(ion)/N(E ) for the ions Ne1v and MgvI have been taken from
Jordan (1969). N(ion)/N(E) for Alvii has been taken from Landini and Fossi (1972).

Integrated line intensity at the Sun is given by
1(j, 1) = jE(j, i)dh (cm) =

=793 x 10° j n,E*(j,i)dh (km) (ergscm~2s~'sr™1). @)

where

AG,) NG) Nion)

E*(j, ) = 1.59 x 10~
G- : (. i) N(ion) N(E)

(E). (8)
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Height % is expressed in km. Line intensities have been computed by using spherically-
symmetric model for the quiet Sun (Elzner, 1976).

4. Atomic Data

The atomic data needed to compute N(j) and, hence, line intensities are the following:
(i) wavelengths, (i) the radiative transition probabilities, and (iii) collision strengths and
oscillator strengths.

The wavelengths were taken from Wiese et al. (1966, 1969) and Kelly and Palumbo
(1973). These values were corrected with the help of the recent work of Edlén (1984).

The transition probabilities for allowed transitions have been taken from Wiese et al.
(1966, 1969). These values were then plotted against (z + 1), where z is the residual
change on the ion. A smooth curve, visually, was drawn for a given transition belonging
to various ions in the NI-isoelectronic sequence. In actual computations we have used
the values given by Wiese et al. (1966, 1969) which do not differ more than 5%, from
the values lying on the smooth curve. In other cases we have used the values lying on
the plotted curve. The same reasoning applies to the various oscillator strengths. In the
case of Mgvr ion we have compared the values used by us with those of Bhatia and
Mason (1980). The transition probability and oscillator strength for 2D, — *Pj), calcu-
lated by Bhatia and Mason (1980) is smaller by a factor of 3. The transition probability
and oscillator strength for the transition P, ,, — *Pj, used by us is smaller by a factor
of 2 as compared to the ones obtained by Bhatia and Mason (1980). The values for the
other transition probabilities and oscillator strengths differ by a factor up to 209, .

The radiative probabilities for the forbidden lines have been taken from Wiese et al.
(1966, 1969). These have been compared with the ones obtained by Bhatia and Mason
(1980) and Zeippen (1982). For Ne1v and MgVvI the values used by us are nearly the
same as the ones obtained by Zeippen (1982). In the case of Alvil, the values for the
transitions 2DJ, — *SY, and *D3), — *S7,, used by us are smaller by a factor of 2 to the
ones calculated by Zeippen (1982). The values for the other transitions differ up to a
maximum of 309, in the case of the transition *D3,, — ?DJ,. The values for MgvI
calculated by Zeippen lie intermediate to the ones used by us and Bhatia and Mason.
The radiative probabilities obtained by Bhatia and Mason for the transitions
*PY, — D3, and *P3,, - *P,, for MgvI are smaller by a factor 2 and 3, respectively,
to that of Wiese et al. (1969).

The known collision strengths have been taken from Saraph et al. (1969) and Czyzak
et al. (1974). The known collision strengths for a given transition for the various ions
in the NI-sequence have been plotted against (z + 1). z is the residual charge on the
ion. As before, a smooth curve has been drawn for a given transition. We have used,
in addition, for some transitions the infinite limit value for the collision strength given
by Saraph et al. (1969). The known value of collision strengths used by us differ rather
slightly from the ones used by Kafatos and Lynch (1980). Kafatos and Lynch used the
threshold values given by Saraph et al. While we have used the values corresponding
to the next higher energy. The unknown collision strengths have been obtained from the
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smooth curve. In case, the known collision strengths differ by more than 109, from the
values on the curve we have used the latter values. The collision strengths for Mgvi
computed by Bhatia and Mason are smaller than the values used by us. In a few cases
they are smaller by 60%,. Our value of collision strength for the transition *D3,, —*D2,,
is greater by a factor of 2 from that of Bhatia and Mason.

5. Results and Discussion

The occupation of higher levels is essentially governed by the levels of the ground state.
Therefore, the variation in the population of ground term levels is reflected in the
variation of line intensities. The relative ion abundance of an element peaks at a
particular temperature. Thus, it is reasonable to assume that a line is effectively emitted
from a thin layer of constant electron density and temperature. We have shown, in
Figures 2 to 4, the relative population of ground levels as a function of electron density
for Ne1v, Mgvi, and Alvil. The temperature indicated in these figures correspond to
the maximum relative ionic abundance of the element. We find that the ground term level

Z 1
o _ ]
g -4 L5
- 3
B

-1.8 Ne TV =

Te =1-4x10°K
2.2 .

| I | I
7 8 9 10 N 12

Logng

Fig. 2. Relative population of ground term levels N(j) of Nelv as a function of electron density #,.
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populations vary with electron density. Therefore, the line intensities which are due to
excitations from the ground term would be sensitive to electron density variations.

We have given in Table I the relative populations of the ground state levels obtained
by us and by Bhatia and Mason for the Mgvi ion. It must be kept in mind, while
comparing, that the energy ordering of the levels 2D3,,, D2 ,, D5 ,, and *Ds, obtained
by Bhatia and Mason are inverse of the ones used by us. The discrepancies for levels
2 and 3 could be due to the different ordering of energy levels.

In addition, we have not considered the rates from the levels 2, 3, 4, and 5 to the levels
6, 7, and 8, respectively. In case of Mg viion the neglect of the sum of rates 2 - 6,3 — 6,
4 — 6, and 5 — 6 in the rate 1 — 6 to populate level 6 leads to an error of 59, . It is about
109, for the level 7, and about 159, for the level 8. Furthermore, in the equilibrium
equations, the de-population rate for 2, 3, 4, and 5, respectively, is underestimated by

TABLE 1
Relative population of ground term levels N(j)/N(ion) for Mg V1

N(j)/N(ion) for n, (cm~?)

Ton j 108 10° 101° 10! 1012
Mgvi %S9, 1 0.53 0.42 0.27 021 0.21
0.62 0.50 035 0.29 0.29
2pY, 2 0.27 0.30 032 0.33 0.33
°p?, 0.15 0.19 0.20 0.20 0.20
2p?, 3 0.18 0.22 0.21 0.21 0.21
°DY, 0.22 0.24 0.28 0.29 0.29
2p9,, 4 0.46-2 031-1 0.71-1 0.84-1 0.85-1
0.50-2 031-1 0.65-1 0.75-1 0.76-1
2pY, 5 0.42-2 0.36-1 0.13 0.17 0.17
0.42-2 0.36-1 0.12 0.15 0.15

T: The first row is for our values at 7, = 4 X 10° K. The second row is for the values obtained by Bhatia
and Mason (1980) at T, = 5 x 10° K.

about 5% when the rates from levels 2s%p3(2D°, 2P°) to the levels 2s2p*(*P) are
neglected. Similar arguments hold for the neglect of the rates from 252p* *S7, to the
levels 2s2p* (D, 28, 2P). The neglected collision rates are being incorporated in a
subsequent investigation. Bhatia and Mason have not considered Ne1v and Alvil,
therefore, we cannot compare the results for these ions.

The computed line intensities along with the observed values for Ne1v, Mgvi, and
Alvil are given in Tables II, III, and IV, respectively. The theoretical intensity refers to
the disk center. The computed line intensities have been obtained using the model
atmosphere of Elzner (1976). The theoretical intensities may be useful in resolving
difficulties associated with line identification, masking or blending due to lines arising
from ions of other isoelectronic sequences. Such a study provides first-hand information
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TABLE 1I
Theoretical line intensities using a model atmosphere. Ne1v, A(Ne) (= N(Ne)/N(H)) = 3.98 x 10~

Transition Wavelength Theore- Intensity observed®
(A) tical
DU VR DE BE
2&2p4 — 2522173
P\, — D3, 357.825 0.92
Py, — 2D2), 358.688 1.70 6° 5P
P35 —*D3) 358.746 0.18
2Py = 2PY), 387.132 0.19
2p,, - 2PY, 387.141 0.09
’P3,—-2PY, 388.209 0.09
Py, — %P3, 388.218 0.48
2812 = *PYp 421.599 0.25 6.57° 4°
2S12 = P9 421.610 0.47
’D;, — DY), 469.775 0.12
2D3/2 - ED%Z 469.874 1.09 6.84 50
Ds;3 — °Ds), 469.830 1.98
’D;,, - °D3, 469.929 0.13
’D;, - *PY), 521.738 0.14
D5, — *P3), 521.755 0.03
’Ds;, - %P3, 521.823 0.28
‘Pyn— 4S9, 541.126 0.64 4
Py — 4S9 542.070 1.26 9.46 6.44° 4
*Ps; — 4S9, 543.886 1.96 9.13° 5
2522p3—>2¥22p3
2P, -89, 1601.43 0.05
*PYn — 483, 1601.59 0.01

2 DU: Dupree et al. (1973); VR: Vernazza and Reeves (1978); DE: Dere (1978); BE: Behring et al. (1976);
SBT: Sandlin et al. (1977)
b Cf. text.

Notes to Tables I1, I1I, and IV

N(E)/N(H) (= A(E)) is the relative abundance of the element F with respect to hydrogen. The values for

A(Ne) and A(Mg) are from Kato (1976). The value for A(Al) has been taken from Dupree (1978).

Col. 1: Line transitions.

Col. 2: Wavelength in A. The values are from Edlén (1984).

Col. 3: Theoretical intensities (disk center)in ergs cm =25~ !
of Elzner (1976).

Cols. 4 and 5: Observed intensities in ergs cm =2 s ~ ! st~ ; (i) for quiet regions of solar atmosphere at solar
maximum, Dupree et al. (1973); (ii) for quiet regions at solar minimum, Vernazza and Reeves
(1978).

Col. 6: Observed intensities for flare regions during solar minimum (ATM SKYLAB data). The values are
on a scale 1 to 10, Dere (1978).

Col. 7:  Observed intensities for full-sun solar spectrum obtained by rocket-borne spectrograph. The
observed values correspond to solar minimum. Intensity values are only estimates, Behring et al.
(1976).

Col. 8: Off-limb forbidden line intensities observed from Skylab, Sandlin et al. (1977) and Sandlin and
Tousey (1979).

We discuss below specifically some of the lines for the respective ions.
Ne1v The line at 358.688 A is very close to the line at 358.67 A of Fex1 with intensities 6 (DU) and 5 (BE),
respectively. The 421.599 A and 421.610 A lines are close to the unidentified lines at 421.8 A and

sr~ !, using the spherically-symmetric model
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TABLE III
Theoretical line intensities using a model atmosphere. Mgvi, A(Mg) (= N(Mg)/N(H)) = 3.16 x 10~?

Transition Wavelength Theore- Intensity observed®

(A) tical

DU VR DE BE SBT

252p* — 2522p3
P\, - D3, 268.991 2.73 b
Py — 2D, 270.390 4.58 b
Py, — 2D3, 270.400 0.51 5°
*Pi2 — *PY, 291.363 0.50
Py, - P9, 291.455 0.25
Py ,,—2P), 293.016 0.23
2Py, — 2P, 293.110 1.12 3°
281y = 2Pypy 314.540 0.25 b b
2812 = 2P3, 314.647 0.49
’D;,, - *D3), 349.108 0.36
’D,, - D3, 349.124 3.19 7°
’Ds;5 - 2D2), 349.163 5.02
*Ds,, - 2D3), 349.179 0.36
’D;, — 2Py, 387.768 0.41 6
D, — %P3, 387.932 0.08
’Ds;, — %P3, 388.000 0.74 6
P, - 4S9, 399.281 2.23 30.06® 6
4Py — 4S9, 400.662 4.51 6
*Ps;, — 4S9, 403.307 6.63 25.73® 6° 7°
Forbidden transitions
2P, — 489, 1190.12 1.03 114°
Py, — 4S9, 1191.67 0.34 22.5°
DY, —*S9, 1806.00 0.03 1.8°
2P, — 2D, 3487.30 0.07
P9, — D3 3488.90 0.11
P, —2D3), 3502.20 0.06

2 DU: Dupree et al. (1973); VR: Vernazza and Reeves (1978); DE: Dere (1978); BE: Behring et al. (1976);
SBT: Sandlin et al. (1977).
® Cf. text.

421.59 A with intensities 6.57 (VN) and 4 (DE), respectively. Lines at 469.874 A and 469.830 A are
close to the unidentified line at 469.84 A with intensity 5 (DE).
The lines 541.126 A and 542.070 A have been identified, probably, with Ne1v lines with intensity
6.44 (VN).
The forbidden lines 1601.43 A and 1601.59 A are weak and could be seen only off-limb.

Mgvi: The lines at 268.991 A and 270.390 A are weak in Dere’s list. Theoretically these lines are rather
strong.
The 270.400 A line is close to the unidentified line at 270.407 A with intensity 5 (BE).
The 293.110 A line is close to the line 293.15 A. Dere (1978)identified the line at 293.15 A with Crxx1
with intensity 3. The 314.54 A and 314.647 A lines blend with strong line of Sivir at 314.356 A with
intensities 7 (DE) and 6 (BE), respectively. Our theoretical intensity for this Sivin line is 9.8
(Dwivedi and Raju, 1988).
The line at 349.13 A has been identified by Dere (1978) with Mgv1 line (349.124) with intensity 7.
It is puzzling to find that a much stronger line at 349.163 A is not observed.
The 399.20 A line has been, tentatively, identified with Mgvr (399.281 A) line by Vernazza and
Reeves, it could blend with the Ne v line at 399.83 A. The 403.307 A line blends with the Ne vi line.
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TABLE 1V
Theoretical line intensities using a model atmosphere. Alvi, A(Al) (= N(Al)/N(H))=3.72 x 10~¢

Transition Wavelength Theore- Intensity observed?®

A) tical

DU VR DE BE ST

252p* — 2522p3

2p,,, — 2D3, 239.022 0.33 20 16°
2p,, - 2DY, 240.732 0.06 4 b
°p,,, - 2D, 240.774 0.54

2p,,, - 2P0, 259.020 0.06

2P, - 2PY, 259.196 0.03

2p,,, ~ 2PY, 261.030 0.03 4v 220
2p,,, - 2PS, 261.208 0.14

2D, - 2D, 309.016 0.36

2D, - 2D, 309.056 0.05

>p,,, - 2D, 309.085 0.04

2D, - 2DY, 309.125 0.63

2D, - 2PQ, 343.639 0.10

4P1/2 - 452/2 352.159 0.36 6° 20°
4p,, - 459, 353.777 0.74 gb 9b
Py, — 159, 356.892 113

2522p3 - 2522p3

2pg,, — 489, 1054.00 0.16

Py, — 4S9, 1056.91 0.07

2p9, - 459, 1604.78 0.02 b
2p9. - 2p3, 3070.10 0.02

@ DU: Dupree et al. (1973); VR: Vernazza and Reeves (1978); DE: Dere (1978); BE: Behring et al. (1976);
ST: Sandlin and Tousey (1979).
> Cf. text.

Forbidden lines 1190.12 A, 1191.67 A, and 1806.00 A are weak and have been observed only
off-limb. The 3487.30 A, 3488.9 A, and 3502.2 A lines: among the observed lines the line at 3487.30 A
is missing. Theoretical line intensities, Table 111 and Kastner (1983), indicate that the MgvI line at
3487.30 A should also be seen. The absence of the line 3487.30 A is puzzling.

Alvir: AlvII lines below 1000 A blend with stronger lines of Fexi, Fexi, and Fex1v.
The 239.022 A line is close to an unidentified line at 239.03 A with intensity 2 (DE) and 16 (BE).
240.774 A and 240.732 A. These two lines blend with 240.72 A of Fex1v with intensity 3 (D) and
240.713 A of Fexiu with intensity 20 (BE).
The 261.030 A line blends with 261.06 A line of Six with intensities 4 (DE) and 22 (BE).
The 352.15 A line blends with 352.10 A line of Fex11 with intensities 6 (DE) and 20 (BE).
The 353.777 A line blends with Fexiv and ArxvI with intensities 8 (DE) and 9 (BE).
The 1604.78 A: it is a weak forbidden line and has been observed off-limb by Sandlin and Tousey
(1979). It should be possible to observe a much stronger line of Alvir at 1054.00 A and 1056.91 A.

The computed intensity of 3070.10 A line is equal to the computed line intensity of the 1604.78 A
line.

to predict lines that have hitherto not been observed for future observations. In addition,
such an investigation could also act as a test or constraint on the model atmosphere
when compared with observations.

We have shown in Figures 5, 6, and 7 line intensity ratios as a function of electron
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Fig. 5. Logofintensity ratios E(j, i)/E(6, 1) for Ne1v, at the electron temperature T, as a function of logn, .
Filled circles correspond to the theoretical ratios based on the model atmosphere of Elzner (1976).

density for Nerv, Mgvi, and Alvii, respectively. The temperatures indicated in these
figures correspond to the maximum relative ion abundance for the element. Line
intensity ratios for Siviil and S X have already been reported elsewhere (Dwivedi and
Raju, 1988). We have indicated by filled circles the theoretical ratios for a model
atmosphere. We note from Figure 5 that only the ratios involving forbidden lines fall on
the density sensitive portion. These ratios give an everage value of 3.3 x 10° (cm ~3) for
n, from Ne1v lines. The other ratios do not lie at any point on the respective theoretical
curves. These discrepancies are being looked into.

The average electron density from the theoretical intensity ratios for MgvI lines is
1.4 x 10° (cm~?) (Figure 6). In Table V we have given theoretical intensity ratios
obtained by us and by Bhatia and Mason for some of the lines. We find that our ratios
are large by about a factor of 2 for some of the ratios. Figure 7 represents the intensity
ratios for Al VII ion. The average electron density from Alvii lines is 7.6 x 10% (cm ~3).

Tables II, III, and IV indicate that the number of observed lines with calibrated
intensities are rather few in number for reliable electron density determination.
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TABLE V

Theoretical intensity ratios, relative to transition 6 — 1, for Mgvi1 lines. First row: our values; second row:
values obtained by Bhatia and Mason.

Transition Wavelength Electron density »,
(A)

108 10° 1010 10! 102

61 403.307 1.0 1.0 1.0 1.0 1.0
7-1 400.662 0.68 0.68 0.68 0.68 0.68
0.67 0.67 0.67 0.67 0.67
81 399.281 0.33 0.33 0.33 0.33 0.33
0.35 0.35 0.35 0.35 0.35
103 349.124 0.28 0.45 0.73 0.93 0.98
0.19 0.32 0.50 0.60 0.62
102 349.108 0.03 0.05 0.08 0.11 0.11
0.02 0.03 0.05 - 0.06 0.06
92 349.163 0.48 0.71 1.27 1.70 1.78
0.26 0.39 0.68 0.85 0.88
122 270.390 0.42 0.63 1.18 1.59 1.70
K 0.25 0.36 0.64 0.80 0.83
1353 268.991 0.22 0.37 0.65 0.83 0.87
0.12 0.20 0.34 0.42 0.43

6. Conclusion

In this paper we have seen that emission lines from nitrogen-like ions are useful as a
density diagnostic of solar plasma. The theoretical line intensities for Ne1v, Mgv1, and
Alvi reported in this paper may be useful in resolving difficulties associated with line
identification. The number of observed lines with calibrated intensities are rather few
for reliable electron density determination. Therefore, solar spectra in the UV are
required with greater spectral resolution and calibrated line intensities.
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