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S RON { SPEXContinuum Radiation Processes Page 2 of 17Document: SRON/SPEX/TRPB03Date: August 25, 1994Issue: Version 1.0/Rev. 2.0CONTINUUM RADIATION PROCESSES1 IntroductionThe continuum emission from an optically thin plasma includes three components:� free-free emission (\bremsstrahlung") (subroutine BREMS)� free-bound emission (subroutine FREEBOUND)� two-photon emission (subroutine TWOFOT)The subroutine CONEM adds bin-wise the three components to calculate the total continuum spec-trum. In the following sections we will shortly deal with the three processes.The structure of the subroutine CONEM is as follows. After initialisation of some constants, whichis done the �rst time the routine is called, the subroutine calculates some temperature-dependentcoe�cients for each of the ions and emission processes involved. Then a large loop over the inputenergy array follows; for each energy, a loop over all ions in which the free-free, two-photon andfree-bound Gaunt factor is calculated is done.There are some cut-o�s in the program to avoid unnecessary calculation of negligeable quantities andarithmetic over
ow. These are as follows. The relevant scale parameters are Cmax and Umax. Cmax(currently put to .001) is a cut-o� for too small amplitudes of the Gaunt factor. Umax (currently putto 69.0, or eUmax = 9:25� 1029) is a factor which governs all exponential factors. Continuum emissionis only calculated for photon energies E=kT < Umax:2 Bremsstrahlung (subroutine BREMS)Compared to the old version of the code (Mewe, Gronenschild, van den Oord 1985) which havesometimes relative errors of some 15 % we have improved the accuracy of the continuum emissivity toan overall accuracy of 1 %. This improvement is discussed below. Moreover, because the subroutinecalculating the continuum emission was farmost the most CPU time consuming part of the code inthe older version, its speed has been enhanced by a factor of �> 4.In the last section we show which elemental abundances are used as a standard in the calculations.



S RON { SPEXContinuum Radiation Processes Page 3 of 17Document: SRON/SPEX/TRPB03Date: August 25, 1994Issue: Version 1.0/Rev. 2.02.1 AlgorithmThe algorithm in the subroutine BREMS isPff = 3:031014� 10�1Y Gff e�E=TEpT ; (1)where P is the emission in 1044 photons/s/keV, Y is the total emission measure in 1064 m�3, E is thephoton energy in keV, and T is the electron temperature in keV. Gff is the total, energy-averagedGaunt factor summed over all ions and calculated by the subroutine GAUNTFF. The constant canbe derived from the quantities as given by Rybicki and Lightman (1979) (eq. 5.14b) if converted toSI units and by taking the correct transformations from K to keV and Hz to keV.3 Free-free Gaunt factor calculations (subroutine GAUNTFF)3.1 ImprovementsGronenschild and Mewe (1978) have given a formula for the free-free Gaunt factor, based upon theBorn approximation and a correction factor. This formula contained a modi�ed Bessel function, squareroots and logarithms and was the largest contributor to the CPU time consumed, since the formulawas evaluated for each ion contributing to the emission and for all energy bins. The formula was anapproximation to the calculations of Karzas and Latter (1961) and had an accuracy of better than 15%. Karzas and Latter presented their results only graphically; since then, Carson (1988) presentedextensive tables of the free-free Gaunt factor, reproducing the results of Karzas and Latter.Table 1 shows the di�erences of Gronenschild and Mewe's Gaunt factor with the exact results ofCarson. It is evident that especially in the temperature range of 104{107 K (for Hydrogen) and forE > kT the errors can be quite substantially. Therefore we have chosen to calculate the free-freeGaunt factor by interpolation of Carson's table. With bilinear interpolation of the logs of the Gauntfactor on Carson's logarithmic energy and temperature grid the required accuracy of 1 % was reached.Carson lists the Gaunt factor in the energy range 10�4kT < E < 100kT . For larger energies no Gauntfactor is required since the exponential prefactor cuts o� the spectrum at high energies. For lowerenergies, we used the asymptotic dependence G = a(
2) + (p3=�) ln(E=kT ), where 
2 = Z2Ryd=kT .As stated before, the present calculations are nonrelativistic; Carson's tables are valid for T < 136keV (10�4 < 
2 < 100). For larger temperatures (better: smaller 
2), we simply took the minimumvalue for 
2 = 10�4. Similarly, for very low temperatures (T < 0:136 eV, or about 1000 K) we tookthe maximum value for 
2. But in this regime the calculations are irrelevant anyhow since then theatoms are essentially neutral, so free-free radiation is impossible.The calculations of Carson are non-relativistic. Relativistic corrections were calculated by Kyla�sand Lamb (1982), eqn. (B4). These authors calculate the relativistic correction with respect to theBorn approximation. The relative accuracy of the Born approximation (in the non-relativistic limit)with respect to the results of Carson is shown in Table 2. As is obvious, the Born approximation isgood for high energies, and for that reason Kyla�s and Lamb made the same approximations as for



S RON { SPEXContinuum Radiation Processes Page 4 of 17Document: SRON/SPEX/TRPB03Date: August 25, 1994Issue: Version 1.0/Rev. 2.0Table 1: Comparison of free-free Gaunt factor of Gronenschild and Mewe (1978) (Gff;GM)with Carson (1987) (Gff;C). The tabulated quantity is Gff;GM=Gff;C � 1:E=kT n Z2Ryd=kT -4.00 -3.00 -2.00 -1.00 .00 1.00 2.00-4.00 -.002 .003 .027 .052 .048 .026 -.002-3.50 -.003 .003 .028 .054 .053 .031 -.004-3.00 -.003 .003 .029 .056 .057 .035 -.010-2.50 -.003 .003 .028 .056 .060 .037 -.023-2.00 -.004 .001 .026 .052 .058 .036 -.038-1.50 -.005 -.001 .020 .039 .047 .034 -.040-1.00 -.006 -.003 .009 .012 .023 .035 -.020-.50 -.007 -.003 -.000 -.029 -.016 .040 .007.00 -.002 .010 .006 -.063 -.069 .029 .023.50 .020 .053 .044 -.066 -.121 -.005 .0181.00 .080 .137 .092 -.035 -.135 -.053 -.0051.50 .219 .243 .049 -.037 -.079 -.081 -.0352.00 .489 .269 -.278 -.252 .047 -.029 -.063Table 2: Comparison of free-free Gaunt factor Gff;Born in the non-relativistic Born ap-proximation with Carson (1987) (Gff;C). The tabulated quantity is Gff;Born=Gff;C � 1:E=kT n Z2Ryd=kT -4.00 -3.00 -2.00 -1.00 .00 1.00 2.00-4.00 -.001 -.001 .003 .026 .102 .245 .441-3.50 -.001 -.001 .003 .028 .114 .277 .506-3.00 -.001 -.001 .003 .030 .125 .312 .576-2.50 -.002 -.002 .001 .029 .133 .343 .638-2.00 -.002 -.005 -.005 .019 .130 .356 .660-1.50 -.004 -.009 -.019 -.007 .097 .319 .594-1.00 -.006 -.017 -.044 -.062 .012 .196 .401-.50 -.010 -.030 -.083 -.158 -.143 -.024 .097.00 -.015 -.047 -.133 -.282 -.351 -.299 -.238.50 -.021 -.065 -.184 -.400 -.549 -.551 -.5231.00 -.026 -.080 -.226 -.487 -.689 -.732 -.7211.50 -.030 -.090 -.253 -.542 -.769 -.841 -.8432.00 -.032 -.097 -.270 -.573 -.812 -.898 -.912



S RON { SPEXContinuum Radiation Processes Page 5 of 17Document: SRON/SPEX/TRPB03Date: August 25, 1994Issue: Version 1.0/Rev. 2.0Table 3: Comparison of relativistic free-free Gaunt factor (Gff;Rel:) with the nonrelativisticBorn approximation (Gff;Born) The tabulated quantity is Gff;Rel:=Gff;Born � 1: Numbersin italics are for photon energies larger than 400 keV, where the approximation to therelativistic Gaunt factor breaks down.E=kT n Z2Ryd=kT -4.00 -3.00 -2.00 -1.00 .00 1.00 2.00-4.00 .108 .006 .000 .000 .000 .000 .000-3.50 .111 .006 .000 .000 .000 .000 .000-3.00 .116 .006 .001 .000 .000 .000 .000-2.50 .123 .006 .001 .000 .000 .000 .000-2.00 .132 .007 .001 .000 .000 .000 .000-1.50 .146 .008 .001 .000 .000 .000 .000-1.00 .171 .009 .001 .000 .000 .000 .000-.50 .222 .012 .001 .000 .000 .000 .000.00 .366 .018 .002 .000 .000 .000 .000.50 .987 .039 .003 .000 .000 .000 .0001.00 5.536 .125 .008 .001 .000 .000 .0001.50 63.045 .655 .026 .002 .000 .000 .0002.00 1211.239 5.694 .107 .007 .001 .000 .000the Born approximation (apart of course from relativistic e�ects). Table 3 lists Kyla�s and Lamb'scorrection factor (minus 1) and it is evident from this table that in some parts of our parameterspace (especially for high temperatures) the correction factor can not be neglected. Discarding thedi�erence between the non-relativistic Born approximation and Carson's results at the temperaturesand energies where the relativistic correction is important, we simply approximated the true Gauntfactor by Carson's value times Kyla�s and Lamb's correction factor. Note: The correction of Kyla�sand Lamb is calculated for Hydrogen. Since at high temperatures all ions are nearly completelystripped of electrons, Z2 � 4 for all ions other than Hydrogen, and thus the corresponding 
2 is also4 times larger, resulting in a much smaller relativistic correction.3.2 AlgorithmThe subroutine GAUNTFF calculates the total free-free Gaunt factor as a function of electron en-ergy E, as well as the energy-averaged Gaunt factor (over a Maxwellian distribution with electrontemperature T ), and summed over all ions.The algorithm uses bi-linear interpolation of the logs of the Gaunt factor Gff (
2; u) for the contribu-tion from a particular ion Z+z on a log-log grid in 
2 and u. Here we de�ne:u = E=kT; 
2 = z2n0EH; (2)where the e�ective charge zn (of the recombining ion Z+z is de�ned from



S RON { SPEXContinuum Radiation Processes Page 6 of 17Document: SRON/SPEX/TRPB03Date: August 25, 1994Issue: Version 1.0/Rev. 2.0E(Z; z � 1; n) = EHz2n=n2; (3)EH being the ionization energy of hydrogen, and E(Z; z � 1; n) (or in short notation En, the "edge"energy) the ionization energy from the level with principal quantum number n in the recombined ionZ+(z�1). In the expression for 
2 we take n = n0, the quantum number of the ground state, hencezn = zn0 .We note that all these quantities are de�ned by Carson (1988) and in papers III (Gronenschild, Mewe1978) and VI (Mewe, Lemen, van den Oord 1986) . The Gaunt factors gff for the individual ionsare calculated using Carson's tables plus a relativistic correction as described by Kyla�s and Lamb(1982) (see x3.1.) and then added (cf. paper VI, eq. 3), with the exception that we normalise hereeverything to the Hydrogen density instead of the electron density.First we determine the sum S = PiCiz2i where i denotes the ions, Ci the concentration of the ion(i � Z+z) with respect to Hydrogen, and z2i the square of the e�ective charge for this ion. In the �nalcalculation, only ions with CiZ2i values larger than .001S are taken into account.The ion concentrations are calculated by solving the ionization balance (see SRON/SPEX/TRPB02)using the ionization and recombination rate coe�cients as calculated with the code of Arnaud andRothen
ug (1985) (which is applicable only for the 14 most abundant elements). As an additionaloption we can use for the special case of iron the ion concentrations calculated by Arnaud and Raymond(1992) which seem an improvement at least for the iso-electronic sequences from H to Ne (H.E. Mason,private communication, 1994). In the future we will calculate new rate coe�cients for all elementswith atomic number Z � 30.The cut-o�s in the program to avoid unnecessary calculation of negligeable quantities and arithmeticover
ow are described by the following scale parameters: Cmax and Umax. Cmax (currently put to.001) is a cut-o� for too small amplitudes of the Gaunt factor. Umax (currently put to 69.0, oreUmax = 9:25� 1029) is a factor which governs all exponential factors.The free-free emission is only calculated ifZ2effX(Z;z) > Cmaxwhere Zeff is the e�ective charge of the ion and X(Z;z) its relative abundance to the total Hydrogendensity. Should in any case the photon energy be larger than 511.003 keV, then the relativisticcorrection of Kyla�s and Lamb to the free-free Gaunt factor is calculated assuming E = 511:003 keV(this is actually done in the program which generates the free-free Gaunt-factor table).4 Free-bound Gaunt factor calculations (subroutine FREEBOUND)4.1 ImprovementsMewe, Lemen and van den Oord (1986) approximated the free-bound Gaunt factor by assuming thatthe individual Gaunt factor gfb(n) for each (excited) state with principal quantum number n did



S RON { SPEXContinuum Radiation Processes Page 7 of 17Document: SRON/SPEX/TRPB03Date: August 25, 1994Issue: Version 1.0/Rev. 2.0not depend upon energy, and that the edge energies En = En0+1 for n > n0 + 1, where n0 is theprincipal quantum number of the ground state. Here we take into account the full energy dependenceof gfb(n), and also the correct edge energies for all n � 15. As in Mewe, Lemen and van den Oord,we approximate for the excited states �n = 2n2, and zn = z, the charge of the recombining ion Z+z .The individual gaunt factors gfb(n;E) were tabulated by Karzas and Latter (1961). We found thefollowing approximation to their results:gfb(n;E) = (((an;4x+ an;3)x+ an;2)x+ 1)xan;1where x � 1=(1 +pE=E1)and E1 � n2En = EHz2n:The above formula has an absolute accuracy of < 0:0059 for all n (for n = 1 even better than 0.0004).Since in most of the energy region of interest the Gaunt factor is of order unity, this absolute erroris su�ciently small for our purposes. (The relative error is everywhere better than 0.023, with thelargest value occurring for very large energies).The di�erence between the "old" free-bound Gaunt factor and the new one can be up to 5{10 %.4.2 AlgorithmThe subroutine FREEBOUND calculates the free-bound recombination continuum spectrum.The background of the calculation can be found in Rybicki and Lightman (1979), p. 282{285. Fromthis we deduce (with slightly di�erent notation)�bf = 32��3a20mec2I23p3nE3 gbf : (4)This de�nes the relation between the bound-free (photo-ionisation) cross section �bf and the corre-sponding Gaunt factor gbf . In this equation � is the �ne-structure constant and a0 is the Bohr radius.Further I is the ionisation potential of the particular (excited) level towards which the recombinationtakes place, and E is the energy of the corresponding photon. Further n is the principal quantumnumber of the level towards which the recombination occurs. Equation (4) can directly be derivedfrom equations (10.55) and (10.56) of Rybicki and Lightman (RL hereafter).Similar to (10.55) of RL, the ionisation energy I is related to the e�ective charge z byI = z2EHn2 ; (5)where EH is the Rydberg energy (N.B. EH � �2mec2=2).



S RON { SPEXContinuum Radiation Processes Page 8 of 17Document: SRON/SPEX/TRPB03Date: August 25, 1994Issue: Version 1.0/Rev. 2.0Expressing energies in keV, and �bf in barns (10�28) m2), equation (4) can be rewritten as�bf = 107581:2I2gbfnE3 : (6)Using RL (10.57), inserting the Maxwell distribution (10.60) and using the Milne relation (10.62), weget for the free-bound emissivity (photons/volume/time/energy)S(E) = p2E2Cign�bfp�(mekT )3=2c2 e(I�E)=kT : (7)Here Ci is the concentration of the recombining ion with respect to Hydrogen, gn is the statisticalweight of the recombining level (de�ned here as the number of vacancies before recombination in thatparticular level).Expressing energies in keV and S(E) in 10�20 photons/s/m3/keV, this equation can be rewritten asS(E) = 2:070764� 10�4Cign�bfE2T�3=2e(I�E)=T : (8)For recombination to the ground level (principal quantum number n0), we use the photo-ionisationcross sections as determined in subroutine FOTION, and apply equations (6) and (8).For recombination to non-groundlevel states with n = n0 (e.g. to 2p if the ground level is 2s) andalso for recombination to higher excited states (n > n0), we use the Hydrogenic approximation forthe ionisation potential I as well as for the bound-free Gaunt factor gbf . After calculating the Gauntfactor, equations (6) and (8) are applied.For the ionisation potential I of the ground state we use the ionisation energies En0 of Lotz (1968)as used throughout this work. Formally we writen = n0 : I = En0 � EHz20n20 : (9)For the ionisation potential for states with n = n0 but not the ground state we use the same ionisationenergy En0.For the ionisation potential for n > n0 we use the Hydrogenic approximation (cf. paper VI):n > n0 : I = EHz2n2 ; (10)with z the net charge of the recombining ion (e.g. z = 12 for recombination of Fe XIII).



S RON { SPEXContinuum Radiation Processes Page 9 of 17Document: SRON/SPEX/TRPB03Date: August 25, 1994Issue: Version 1.0/Rev. 2.0The statistical weight gn is de�ned as the number of vacancies in the level towards which recombinationoccurs, before recombination. We approximate this for ions in the ground state. The statistical weightof the ground state is denoted here by g0, the total statistical weight of all levels with n = n0 is gn0(this last quantity was denoted �0 in paper VI). If the ground states towards which recombinationoccurs contains m electrons in the outermost subshell after recombination, we get values for gn of3�m, 7�m and 11�m in cases where the ground state is an s, p or d-shell, respectively.Similarly, if the ground state contains M electrons after recombination in all subshells with the sameprincipal quantum number n0, we get values for gn0 of 3 � M , 11 � M , 19 � M and 33 � M forrecombination towards n0 equal to 1, 2, 3, and 4, respectively.For levels with n > n0, we take gn = 2n2: (11)There are many excited levels towards which recombination can take place; we do not take into accountall of these levels since this would require an enormous amount of cpu time. The Gaunt factors gbfin equation (4) are all of order unity. Also, the exponential factor in equation (7) is at most 1 (forE = I). Inserting (4) and (10) into (7), omitting multiplicative constants which are equal for all levelsof all ions and taking gbf and the exponential factor of order unity, we �nd that for given photonenergy E the recombination rate towards level n of each ion is proportional towni � Cignz4=n5: (12)In particular, for n > n0 we get after inserting (11) into (12):n > n0 : wni = 2z4n3 Ci (13)and for n = n0 we have n = n0 : wn0i = gn0z40n50 Ci: (14)At the beginning of the process, we calculateW �Xi 1Xn=n0wni: (15)We use only recombination towards those levels, for which wni > �W , where � is a small number (inpractice, we take � = 10�4).



S RON { SPEXContinuum Radiation Processes Page 10 of 17Document: SRON/SPEX/TRPB03Date: August 25, 1994Issue: Version 1.0/Rev. 2.0The sum over n in (15) is (apart from the factor Ci) pre-calculated and stored. The sum over n iswritten as the sum of the n0 contribution plus all higher levels, which are evaluated with2z4Ci�(n0) � 1Xn=n0+1wni = 2z4Ci� 1Xn=1 1n3 � n0Xn=1 1n3 �: (16)The �rst sum can be calculated using Riemann's �-function as1Xn=1 1n3 = �(3) = 1:2020569031 � � � (17)Finally, for the calculation of the Hydrogenic Gaunt factors gbf we refer to the approximation madein x4.1.The cut-o�s in the program to avoid unnecessary calculation of negligeable quantities and arithmeticover
ow are described by the following scale parameters: Cmax and Umax. Cmax (currently put to.001) is a cut-o� for too small amplitudes of the Gaunt factor. Umax (currently put to 69.0, oreUmax = 9:25� 1029) is a factor which governs all exponential factors.Free-bound emission is only calculated if the edge energy En satis�esEn=kT < E=kT < Umax;(E �En)=kT < Umax;an;1�0z40X(Z;z)EHkT eEn0=kT=n50 < Cmaxfor the ground state and 2an;1z4X(Z;z)EHkT eEn=kT=n3 < Cmaxfor excited states, and if at the energy E the relative contribution of higher states compared to thesum of all non-zero lower states exceeds Cmax.5 Two-photon emission (subroutine TWOFOT)5.1 ImprovementsWe have also improved the two-photon Gaunt factor calculations. Gronenschild and Mewe (1978)approximated the spectral distribution function  with the square root of a cosine, i.e.



S RON { SPEXContinuum Radiation Processes Page 11 of 17Document: SRON/SPEX/TRPB03Date: August 25, 1994Issue: Version 1.0/Rev. 2.0Table 4: Two photon spectral distribution function  (x)x Gronenschild-Mewe H-like He-like0.00 0.00 0.00 0.000.05 1.04 0.92 0.470.10 1.46 1.48 1.180.20 2.01 2.10 2.070.30 2.36 2.41 2.540.40 2.56 2.56 2.780.50 2.62 2.60 2.86 (x) = 2:623pcos[�(x� 0:5)]; (18)where x = E=Ei, E is the photon energy in keV and Ei is the excitation energy in keV of the 1s{2s transition involved. The accuracy of that approximation is some 14 %. In the current code weinterpolate directly in the table of Spitzer and Greenstein (1961) for Hydrogenic ions, and in a graphin Dalgarno and Drake (1969) for the Helium-like ions. An accuracy of better than 0.007 times themaximum of the probability distribution function  (x) is reached if we interpolate linearly on a gridof 51 points spaced evenly from x = 0 to x = 1. An impression of the di�erences with the old versionis given in Table 4.In the old version of the program an error was made with the two-photon emission of Calcium. Insteadof taking the ionic concentrations for the H- and He-like ions, the concentrations for the Li- and Be-like ions were taken. This error has now been removed.Finally we modi�ed the normalisation of the two-photon emissivity. The contribution to the totaltwo-photon Gaunt factor of ion (Z; z) can be written asG2p;Z;z(E) = 164995 EE2Z;z ( EEZ;z )fij�g( EEZ;z )e(E�EZ;z)=kT ; (19)where the constant is 3�2a0m2ec3=(2000eh) and all input quantities are in SI, and the photon energyE is expressed in keV, fij is the oscillator strength and �g(y) the average excitation gaunt factor.We take fij from Mewe (1977), which di�ers in the last digit from Gronenschild and Mewe (1978),i.e. f=0.415 for H-like ions and f = 0:830(1� 1:34=Z) for He-like ions. For the average Gaunt factorwe follow Mewe (1972) which seems to be di�erent from Mewe and Schrijver (1978): for the Heliumsequence, �g = 0:05 (and not 0.045 as taken by Gronenschild and Mewe (1978) and in the old code);for the Hydrogen sequence, �g = 0:055 for Carbon and higher elements, and g is the expression for theGaunt factor of Mewe (1972) with A = 0:08, B = �0:16, C = 0:11, D = 0 for He II.



S RON { SPEXContinuum Radiation Processes Page 12 of 17Document: SRON/SPEX/TRPB03Date: August 25, 1994Issue: Version 1.0/Rev. 2.0The energies of the 1s-2s transition are modi�ed slightly with respect to the old version; they arecalculated as 0:75I for the H-sequence, where I is the ionisation potential. For the He-sequence, wetook the energy Ei of the He6-line (in the notation of Paper V), i.e. the transition 1s - 2s(3S). ForHe{F, this energy was derived from the tables of Moore, For Ne{Si, S, Ar, Ca and Fe we took thedata from paper V, for the other elements we interpolated in a where Ei = 34 (Z � a)2EH where Zis the atomic number (a ranges from -0.606 for He to -0.43 for Cu). F (Z) is very smooth in Z, e.g.for Be, C, O, Ne, Mg, Si, S, Ar, Ca and Fe (steps of 2 in Z from Be{Ca, step of 6 from Ca to Fe) itequals 13.18, 11.96, 11.45, 11.17, 11.01, 10.88, 10.80, 10.75, 10.69, and 10.61 eV (Fe). The value forNi as given in paper V is probably slightly too high, since it yields f(28) = 10:63 eV. We have usedf = 10:61 eV for all elements from Fe{Zn.Warning: the two-photon emission of H I and He I still has to be implemented!5.2 AlgorithmThe algorithm to calculate the two-photon continuum spectrum is described above in more detail.However, here we di�er from that notation: the two-photon emission spectrum S(E) (units 1044photons/s/keV) can be written as S(E) = kCiY fije�y�g(y)pTE2i  i(x); (20)where Y is the emission measure in units of 1064 m�3, x = E=Ei, E is the photon energy in keV,Ei is the excitation energy in keV of the 1s{2s transition involved, y = Ei=T where T is the electrontemperature, �g(y) is the temperature-averaged excitation Gaunt factor for the 1s{2s transition (see e.g.Mewe et al.. paper VI), and fij is the corresponding oscillator strength. Further k is a normalisationconstant, equal to k = 29=2�3=2a20E2H(3me)1=2 1020(1keV)1=2 = 5:000965� 104; (21)where all quantities in eq. 21 are to be taken in SI units. (x) is the probability distribution for the two photons emitted, normalised toZ 10  (x)dx = 2: (22)Finally we note that eq. 20 is only valid for 0 � x � 1.As noted before, the function  is tabulated at 51 equally spaced points from 0 to 1 and is interpolatedlinearly in x. This yields an absolute accuracy of better than 0.007 times the maximumof  at x = 0:5.(Note that  (0) =  (1) = 0 and further that  (x) =  (1 � x)).



S RON { SPEXContinuum Radiation Processes Page 13 of 17Document: SRON/SPEX/TRPB03Date: August 25, 1994Issue: Version 1.0/Rev. 2.0The two-photon emission is calculated for the H-sequence and the He-sequence. For the H-sequence wedetermine  directly by interpolation from the table of Spitzer and Greenstein (1961) for Hydrogenicions, and for the He-like ions from a graph in Dalgarno and Drake (1969).The cut-o�s in the program to avoid unnecessary calculation of negligeable quantities and arithmeticover
ow are described by the following scale parameters: Cmax and Umax. Cmax (currently put to.001) is a cut-o� for too small amplitudes of the Gaunt factor. Umax (currently put to 69.0, oreUmax = 9:25� 1029) is a factor which governs all exponential factors.The two-photon emission is only calculated if164995 E�1Z;zfij�g( EEZ;z )X(Z;z) = G2p;Z;z(E)EZ;zE e(EZ;z�E)=kT�( EEZ;z )XZ;z > Cmaxand if E=kT < E2p=kT < Umax:6 AbundancesThe subroutine SETABU determines the elemental abundances with respect to Hydrogen from theabundances relative to the Solar values. The element abundance is de�ned as the quantity:A(Z) =10 log[ns(Z)=ns(H)] + 12 (23)where Z is an arbitrary element, H denotes hydrogen, and ns is the density (atoms per unit volume)of the current element in the sun. By de�nition,A(H) = 12: (24)For a non-solar plasma the relative abundance R(Z) with respect to the solar photosphere value isgiven by R(Z) � n(Z)=n(H)ns(Z)=ns(H) ; (25)where n(Z) is the density of the element in the non-solar plasma, and the absolute abundance C(Z)with respect to H is thus given by C(Z) = R(Z)10A(Z)�12: (26)In the old versions of our code, the solar abundances were from Allen (1973), who referred to workfrom the early sixties. In an intermediate code, we adopted the values for the abundances from Rossand Aller (1976), where also a discussion on the accuracy of this standard set is found.



S RON { SPEXContinuum Radiation Processes Page 14 of 17Document: SRON/SPEX/TRPB03Date: August 25, 1994Issue: Version 1.0/Rev. 2.0There are indications that in the hotter upper solar atmosphere (the X-ray emitting corona) theabundances of the elements with a low �rst ionization potential (FIP) could be larger by a factor ofup to three due some enrichment process (fractionation in the chromosphere between the corona andthe photosphere, see e.g. discussions by Feldman (1992) and H�enoux and Somov (1992)). However,in the current code, we use as a standard the solar photospheric abundances of Anders and Grevesse(1989). Table 5 lists the 30 elements (H{Zn) used in this program and the abundances (number ofnuclei per Hydrogen nucleus) according to Anders and Grevesse (1989).In the current code, we have an option to use di�erent standard abundances. Determining parameteris ABUNSET; by default, this parameter is 0 (Anders and Grevesse); values of 1 and 2 correspond toAllen and Ross and Aller, respectively. The relative multiplication factors to be applied when usingthe other abundances are listed in table 6. Finally we give in Table 7 some more recently determinedvalues taken from Grevesse et al. (1992).7 ReferencesAllen, C.W.: 1973, Astrophysical quantities, 3rd Ed., Athlone Press, LondonAnders, E., Grevesse, N.: 1989, Geochimica et Cosmochimica Acta 53, 197Arnaud, M., Rothen
ug, R.: 1985, Astron. Astrophys. Suppl. 60, 425Arnaud, M., Raymond, J.C.: 1992, Astrophys. J. 398, 394Carson, T.R.: 1988, Astron. Astrophys. 189, 319Dalgarno, A., Drake, G.W.F.: 1979, in, Les transitions interdites dans les spectres des astres , Les Congr�eset Colloques de l'Universit�e de Li�ege, Belgium 54, p. 69Feldman, U.: 1992, Physica Scripta 46, 202Grevesse, N., Noels, A., Sauval, A.J.: 1992, in, Coronal Streamers, Coronal Loops and Coronal andSolar Wind Composition , Proc. 1st SOHO Workshop, ESA SP-348, ESA Publ. Div., ESTEC,Noordwijk, p. 305Gronenschild, E.H.B.M., Mewe, R.: 1978, Astron. Astrophys. Suppl. 32, 283 (paper III)H�enoux, J.C., Somov, B.V.: 1992, in, Coronal Streamers, Coronal Loops and Coronal and Solar WindComposition , Proc. 1st SOHO Workshop, ESA SP-348, ESA Publ. Div., ESTEC, Noordwijk, p.325Karzas, W.J., Latter, R.: 1961, Astrophys. J. Suppl. Series 6, 167Kyla�s, N.D., Lamb, D.Q.: 1982, Astrophys. J. Suppl. Series 48, 239Lotz, W.: 1968, J. Opt. Soc. Am. 58, 915
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Table 5: Elemental abundances A(Z)Element Anders and Grevesse(1989)H � 1He .0977Li 1.45 �10�11Be 1.15 �10�11B 3.98 �10�8C 3.63 �10�4N 1.12 �10�4O 8.51 �10�4F 3.63 �10�8Ne 1.23 �10�4Na 2.14 �10�6Mg 3.80 �10�5Al 2.95 �10�6Si 3.55 �10�5P 2.82 �10�7S 1.62 �10�5Cl 3.16 �10�7Ar 3.63 �10�6K 1.32 �10�7Ca 2.29 �10�6Sc 1.26 �10�9Ti 9.77 �10�8V 1.00 �10�8Cr 4.68 �10�7Mn 2.45 �10�7Fe 4.68 �10�5Co 8.32 �10�8Ni 1.78 �10�6Cu 1.62 �10�8Zn 3.98 �10�8
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Table 6: Other elemental abundances R(Z) relative to Anders and Grevesse (1989)Element Allen Ross and Aller(1973) (1976)H 1.00 1.00He 0.87 0.65Li 0.35 0.69Be 0.89 1.00B 2.51 0.32C 0.91 1.15N 0.81 0.78O 0.78 0.81F 1.10 1.00Ne 0.68 0.30Na 0.83 0.89Mg 0.69 1.02Al 0.83 1.12Si 0.93 1.26P 1.17 1.12S 0.98 0.98Cl 1.26 1.00Ar 1.74 0.28K 0.68 1.10Ca 0.87 0.98Sc 1.32 0.87Ti 1.38 1.15V 2.51 1.05Cr 1.51 1.10Mn 1.02 1.07Fe 0.85 0.68Co 1.51 0.95Ni 1.12 1.07Cu 1.95 0.71Zn 0.40 0.71



S RON { SPEXContinuum Radiation Processes Page 17 of 17Document: SRON/SPEX/TRPB03Date: August 25, 1994Issue: Version 1.0/Rev. 2.0Table 7: Elemental abundances A(Z)Element Grevesse et al.(1992)H � 1He .095C 3.55 �10�4N 9.33 �10�5O 7.41 �10�4F 3.63 �10�8Ne 1.20 �10�4Cl 3.16 �10�7Ar 3.31 �10�6Sc 1.58 �10�9Ti 1.10 �10�7Fe 3.24 �10�5Mewe, R.: 1972, Astron. Astrophys. 20, 215Mewe, R.: 1977, Astron. Astrophys. 59, 275Mewe, R., Gronenschild, E.H.B.M.: 1981, Astron. Astrophys. Suppl. 45, 11 (paper IV)Mewe, R., Gronenschild, E.H.B.M., van den Oord, G.H.J.: 1985, Astron. Astrophys. Suppl. 62, 197(paper V)Mewe, R., Lemen, J.R., van den Oord, G.H.J.: 1986, Astron. Astrophys. Suppl. 65, 511 (paper VI)Mewe, R., Schrijver, J.: 1978, Astron. Astrophys. 65, 99Ross, J.E., Aller, L.H.: 1976, Science 191, 1223Rybicki, G.B., Lightman, A.P.: 1979, Radiative processes in astrophysics, Wiley, New YorkSpitzer, L., Greenstein, J.L.: 1951, Astrophys. J. 114, 407


