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Abstract 

Broadened Lyman-a x-ray lines from neon X and argon XVIII 

radiators, which are immersed in a hot, dense deuterium or 

deuterium-tritium plasma, are discussed, In particular, these 

lines are analysed for several temperature-density cases, 

characteristic, of-laser-produced plasmas; special attention 

paid to the relative importance of ion, electron, and Doppler 

effects. Static ion microfield distribution functions are 

tabulated. 
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Stark Broadening In Laser-Produced Plasmas 

I. introduction 

With the availability of high-powered lasers, It is now possible to pro­

duce extremely hot plasmas that are also w r y dense. Such laser-produced 

plasmas are currently being studied intensively both in the United States 

and abroad. An integral part of these investigations is the development 

of diagnostics for the resulting plasmas. One proposed diagnostic technique 

would employ x-ray line broadening to determine plasma densities . Experi­

ments on laser-produced plasmas of moderate densities seem to confirm that 

Stark broadening nay be utilized as a diagnostic for high-density laser-
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produced plasmas ' . Recently Yaakobi and Burtchalter , have both re­

ported the observation of Stark-broadened x-ray lines originating In these 

dense, hot, laser-produced plasmas. 

Some of the experiments being conducted at the Lawrence Livermore 

laboratory involve the laser-induced implosion of glass encapsulated 

deuterium-tritiunHgas targets. It has been proposed that ':hese gas tar­

gets be seeded with a small amount of higher I impurity such as neon or 

ergon . Then, for the expected temperature-density conditions produced 

by the implosion, the D-T plasma would be fully ionized and the impurity 

would be chosen so that the ion would be hydrogenic. Calculations indi­

cate that some of the Lyman series members of argon XVIII, and possibly 

also of neon x, will have sufficient intensity to be observed. 

In this paper ve consider the situation in which a D or D~T gas,,seeded 

with a S M I I percentage of neon or argon, is brought to conditions of tem­

perature-density sufficient to strip a large fraction of the impurity atoms 

of all but one electron. Under these conditions it should be possible'to 

observe the Lyman series of x-rays. Hence, we will consider Lyman-o radia­

tion from neon X and/or argon XVIH radiators that are immersed in a fully 
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ionized D or D-T plasma. Our purpose here, in studying the broadening of the 

Lyman-o line for both hydrogenic neon and argon, is to illustrate hov such 

x-ray lines will be broadened under these extreme conditions. V* will ana­

lyze these lyman-alpha lines for various temperature-density eases with 

special attention paid to the relative importance to the broadening froa 

ion, electron, and Doppler effects. We will then compare our results to 

those previously found for neutral-hydrogen and ionized-helium radiators 

immersed in more conventional plasmas. 

In section II, we discuss the theoretical formalism: In part II-A wc 

treat the problem of calculating the appropriate electric nicrofield dis­

tribution at a radiator of charge x«- Also in II, especially in II-B ve 

discuss the formalism necessary to combine the static electric nierofield 

contributions with those due to electron and Doppler broadening. In sec­

tion III ve discuss our results, and in TV'we present our conclusions to­

gether with comments regarding futile work. 

II. Formalism 

The calculations performed herein, are based on a formalism developed 

In Refs. 7 and 8. In this section we sketch this development, as modified 

for the case of a hydrogenic, high-Z radiator immersed lc a D-X plasma. 

Following this, we comment'on the range of- validity of this theory. 

For an ion undergoing spontaneous electrie-dipole transitions in the 

presence of a plasma, the Intensity distribution of the emitted radiation 
a is given by 

^ ... J indicates an equilibrium average over the states of the entire 

system consisting of radiator and plasma, d is the dlpole moment opcrotor 

of the radiating ion, the tine dependence of which is generated by the 



Interactions within the plats*. 
Kef. 10 Indicates the steps by which Eq. (1) nay be written In the form 

•o 
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In this expresslont which aakes the quasi-static approxlaatlon for the ions, 
P(e) Is the probability distribution function for the electric nlcrofleld 
due to the static Ions, the equilibria average over the tens is now con­
tained In the sJcrotield integration of Eq. (2). The average over the 
electrons and the radiator states remains In J(u,0 

JC«,E)= ̂ Ref4t €
s" tTr rL i.<Jtt)>. f"a » 

Tr r denotes a trace over the Internal states of the radiating Ion. The 
heavy brackets represent an average over the electrons only, c It the 
canonical density operator for the radiator given by 

j> < r ,

s exp(^H,)/Tr r Uv P (^H t )] . <« 
After eaploying a projection-operator technique developed in Ref. 10, and 
explicitly perforating the transfon Integration In Eq, (3), we obtain the 
following fori for J(<i>,0 

to is the frequency separation fros the unperturbed frequency. The second 
ten In square brackets contains the ion broadening effects; & l s the posi­
tion operator for the bound radiator electron. Avenged electron broadening 
effects appear In the ten U(u). This result lu discussed further in sec­
tion II-B snd in Ref. 8. 
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The aicrofield average of Eq. (2) produces the Stork-broadened profile. 

A final step involves the inclusion sf Doppler broadening by a convolution 
o 

of the Stark profile with a Doppler profile. 

-•0 
Vhere 

H is the mass of the radiating ion and h>0 is the frequency of the transition 

is the absence of the plasma; 

•w^Vy • (ft) 

Z is the nuclear charge of the radiator, a, and n, are the principal quan­

tum numbers for the initial and final levels, respectively, of the transi­

tion being studied. 

A. Electric Hicrofield Calculation 
The calculation of P(e) involves the evaluation of the following 

sine transform, * 
ea 

P(6)*2ir'1£jT(Hsin(El)W! w 
vbere 

TU)« CH«PL-PV - *XJ1-§J]IgrJc CM 

2L. is the conflgurationsl partition function and ft is the inverse tempera­

ture, (kT) . V » V(r,,...,r N), is the potential energy of the tystea, 

including the interaction between the ions and the charged radiator at 

the origin: 



y e U tha chirga of the radiator and >_ la the Dtbya length, 

After Introducing tht oaraactera, 

L B i£, , a« r,A f t > jict;***!, us) 
vbtra D la the *"H> nuobtr deaaity, T(L) can ba axpraattd la tha fori: 

TCL)=«pL-U ,

+I l(l>I l(L')]. «• 
Tot evaluation of Y, I,(L), and ljfr) toiolvw the Introduction of collac-

tlva coordinate! la perfonlnf, the Mltl-dlaenalonal lntefretlona appearing 

fa Eq. (10) 7 > U ; tha rttultt are: 

(IS) 

uhara -(= •̂1)1 
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GW= <£(*) + - i e M X ( i + « t ^ ' ) (20) 

0 is an effective range parameter the choice of vhlch Is veil discussed In 

Reft. 11 end 12. He note here that P(e) is essentially parameterized by the 

two constants a and X-

I and I arc modified Bessel functions of the first and third kind, j (-) is 

a spherical Btssel function of order fc. 

Since I,(L) and 1.(1) arc slowly varying functions of I, a table of 

values for the tvo functions is computed, front which values of T(L) arc 

produced as needed by Interpolation. The asymptotic form for P(e) devel­

oped in Kef. 7 Is used to determine P(c1 for large values of E. 

I. The Electron Broadening Function, J(u,£). 

The Interaction between the radiator and the electron pcrturbers is 

assuncd to be a polnt-dlpole interaction, 

V*.= eB<W (22) 



whew R Is the'posltlon operator for the bound radiator electron, e (r) is "", »e 
the electric field, at the position of the radiator, due to an electron per-

turber located at £, The matrix elements of £ between bound hydrogenie 

states are proportional to z" . thus the interaction V, also scales as 

As mentioned previously, J ( a , t ) can be written in the form, 

J(-,e)-**I»'bMi.[4-€S-BA-HWjV1ji} . ( S 1 

[Aw - ce . R/h - H(u)]" is an effective resolvant operator for the radia­

tor; It is in general a tetradic , which operates on the radiator opera­

tors to the right of it in equation (5). In the Relaxation Theory 

formalism H(w) is the expanded to second,order in V , The no-quenching 

approximation, vhich states that the interaction V. does not induce non-

radiative transitions out of the initial excited state cf the radiator, is 

Also made. In the case of the Lyman series, vhere there is no lower-state 

broadening, the tctrndic operator reduces to ten ordinary'matrix operator 

whose elements are: 

[^-e^BA-HM]^ to-*l$A -^\f (23) 

vhcre, 

5 

X is the z-componcnt of the position operator for the bound radiator elec­

tron. The atomic physics of the problem is explicit in the various matrix 

elements of R. The sum over u" runs over the quantum numbers of 'the upper 



Jevel of the desired Lyman transition. In our case, Lyman-a, u" runs over 

the quantum numbers of the n • 2 excited state. It remains to determine 

r(Au) which contains the average electron broadening effects. 

In order to account for the radiator charge, the electron average la 

carried out using products of Coulomb wave functions for the perturbing 

electrons. Since electron-electron interactions are neglected In this 

approach, the perturbers are treated u particlet moving Independently In 

the field of the charged radiator. The details of this calculation are 

given in Ref. 8. The result Is 

0 6 0 

*exp[tt(^+g-gj«K-g)f(Cv.) 

n is the electron number density, and A la the electron theraal wave length, 

k, and jc, a r e v a v c vectors of the perturbing electrons. 

* 

14 where g f f Is the free-free Gaunt factor discussed by Karzas and Latter , 

and by O'Brien 1 5. 
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It Is convenient now to separate r(iu) into its real and inmaginary 

parts, 

PM^N + i^M 

Then it can be shown that 

to 
<27) 

r^(Ay<0)-exp(-HA)^>O) o) 

iX-MtfW 
(29) 

o o 
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tH-KWlil 
(30) 

0 0 
vhere, 

X f ( CexpC-^/6ft)kikaq(^Veyp(-,g/6hKX,q(lc,>Xt)I , ,, 
33 Ckf-x^) ^ 

^k'+M , xK^H 
and 8 is kT, expressed in Rydberg units. 

to the above equations ve note that ̂ ( M is expressed in terns of 

tvo-dimensional integrals while the expression for T^W contains only 

cne-dtocnsional integrals. In tef. 8 the two-ditneosional integrals 

Appearing in Eqs. (29) and (30) were miaerJcally evaluated. 

Out present calculational procedure eircuavencs that necessity by a 

salification of Eq. (25). That is, ve insert a theta function 0(t) in 

Bt. (25) to extend the t-integration fra — t o 4-. Then, using the integral 

representation of the theta function, the t- and the y integrations can 

be performed. In this oanner ve obtain a dispersion relation expressing 

Vu ( M to terms of r f a(4w): 

- 0 0 

Hence ve arc able to use the counted vaiues of T^JM in evaluating the 

onc-dtaensional integral for P^CM. This procedure results in a large 

reduction in the necessary computer time. 
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A change'of variables In Eq.(27)allows us to compute T^tfiio) rapidly 

and accurately using Causs-Laguerre quadrature. Furthermore, sine* It Is 

• slovly varying function of Aw, a table of values for T-, (Aw) is con­

structed and used to compute numerically the Principal Fart integral for 

We have stated above thar. the electron perturbors move independently 

of each other and are represented by product wave functions. This implies 

that r^fAu) Is analogous to the Ideal-gas result shewn In Fig. 1 cf Ref. 16. 

In order to approximate the effect of electron correlations, we modify 

(cut off) the functional form of V.(ta) such that for flu < u , 

She effects of this procedure have been discussed In detail in Kef. 16. 

If N O impose the cutoff not at u but at some fraction oc multiple there-
r 

of, we find that the line center will be lowered or raised. However, thJ 
•changes are snail and quite insensitive to the variation in the cutoff frequency. 

Oiicc r(6u) has been computed, Eq';. (23) aud (24) are employed in the 

computation of J(u,e). In the case of Lyian-a, the matrix inversion indi­

cated In Eos. (5) and (23) nay be performed analytically. The details of this 

natrix Inversion and the trace ever the states of the upper level of the 

transition arc given in Ref. 13. The result 1$, 

vhere D *> (flu) + 4flwA 4 3A - H j r - and C is a constant which is determined 

when the area under the line profile is normalized to unity. A(Aw) is 

given by, 

(33) 
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AM-ti«.vzv)rfcw <34> 

vhcre a is the Bohr radius. The nuclear charge of the radiator, 2, appears o 
explicitly in Eqs. (33) and (34). It'.is also contained implicitly in 

T(to) since the electron perturbers move In the Coulomb field of the hydro-

genie radiator of chatge X " % " !•• Tt.it is, the charge of the radiator 

enters into the computation of the Gaunt factor. 

At this point we briefly discuss the range of validity of the second-

order theory that we've developed in this section. In dealing with hlgh-
6 7 o 22 

temperature (ID - 10 K) plasmas in the density range, 1 X 10 /cc ~ 2 x 10 

it might he expected that a second-order theory, which is based on the 

assumption that the vast majority of collisions are weak and which does 

not include degeneracy effects, would prove invalid. However, it can he 

•shown that for the temperature-density conditions discussed in this paper, 

degeneracy effects are negligible, 1o assess the relative strength of 

the electron interactions for the physical situations considered here, we 

first note that while the electronic attraction to an ionic radiator of 

charge Z - 1, is proportional to Z - 1, the binding energy of the bound 

radiator electron is proportional to 2 . It follows that the ratio of 

the cner"?y of such 3n average electron-radiator interaction,to the binding 
1/3 -1 

energy of the valence electron is approximately proportional to n 2 ; 

for the worst case considered here, this ratio, is approximately 1/10. 

Another indicator of relative electron-interaction strength that can 'be 

discussed Is the ratio of the average electron broadening effects to the 

average energy-level shift of the excited sublevels due to the static-

electric-ficld interaction, ec,R/h (see, Eq.(23). This rat.o is propor­

tional to \ J x Z, where is the thermal wavelength for the electron. 

Again for cases described in this paper, this ratio will he less than 1/10. 

http://Tt.it
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Hence even at the increased densities the assumptions inherent in a second-

order theory are valid, at least in the first approximation. 
Also, we expect that our theory will be valid inside the plasma fre-

12 1/2 quency, a . Since w - 2.72 x 10 n (Rydberg units), we see that as 

the density Increases the second-order theory'becomes valid over a larger 

portion of the line profile. 

III. Results 

A. Electric Microfield Distribution Functions 

In discussing our results we will rely on Figs. 1, 2, 3 and tables I 

and 11. 

Figs. 1 and 2 illustrate how the probability-distribution function 

for finding a given electric field at multiply- charged radiators, immersed 

Jn a "gas" of singly-charged ions, changes as a function of the parameter a_. 

Pig. 3 shows a comparison of the distribution functions for three different 

•values of radiator charge X a t a given value of a_. 

•̂ •From these figures and graphs we observe that the effect on the dis­

tribution function when x is made greater than one, is similar to that 

vhlch occurs, for x B 1, when a_ Is increased (X Is decreased' and/or n is 

Increased). That is, as shown in Fig. 3, for x > 1 ( the peak of the dis­

tribution Is shifted to smaller values of e, becomes narrower, and has its 

maximum value increased. 

Furthermore, a comparison of Figs. 1 and 2 (tables I a-3 II) with 

Tig. 4 (table I) of Ref„ 7 reveals that as x increases the relative sensi­

tivity to changes in a_ increases. Th's increased sensitivity is due to 

the fact that in many functions written down in section II-A, the para-
2 

meter £ is multiplied by x« 

B. Line Profiles 

Figs. A and 5 show the relative contributions to :he Lyman-alpha 

neon X line profiles from the several broadening mechanisms that are 
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-included in our calculations, together vith the combined result. The condi­

tions represented in Pig. 4 correspond to an ji value of 0;2 while those in 

Fig. 5 correspond to an a_ value of 0.4, It is clearly seen that the lower . 

the Rvalue the broader the ion contribution to the line. The relative im- . 

portance of the Doppler effect is also of interest. For the temperatures 

discussed in this paper, the Doppler effect is nueb aoie significant — com­

pared t o the electron broadening contribution - than vas the case when dealing 

vith more conventional plasmas (e.g. n • 10 /re nsd T = 40,000°K). The quali­

tative features of the Stark profile are also different: here the electron con­

tribution produces a sharp spilte which sits on shoulders provided largely by 

the ions. Tigs, 6 and 7 present plots for argon XVIII that are equivalent 

to Figs, It and 5 for neon X. The qualitative information is the same. 

Pigs, 8 and 9 show, for neon and argon respectively, families of pro­

files, each of which corresponds to the satue T, but different ti. It is 

evident that as n increases, the profile changes greatly, both in shape and 

•width, thereby illustrating the density sensitivity of the line profile. 

Ihe practical sensitivity that might be inferred from comparison of ex­

perimental and theoretical line shapes depends on at least two factors: 

1) how much of the line profile can be experimentally observed, and 2) 

the resolution of the x-ray spectrometer used. 

Figs. 10 and 11 shov, that for neon X and argon XVIII, families of 

three curves, each of which corresponds to the same density, but different 

T. The results here imply that the frequently mentioned insensitivity of 

plasaa-broadened line profiles to variations in T is significantly reduced 

as x Increases. The fact that Doppler broadening plays a more significant 

role iti broadening the Argon lines than it docs for Neon, is due to the 

fact that the effect depends not only on mass, but also on the radiatot-

Z, 
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IV, Summary 
The results illustrated, tabulated, and discussed in this paper suggest 

that the diagnostic potential of plasma-line-broadenitig vhich has been clearly 
9 18 demonstrated when applied to conventional plasmas * , will carry over to 

laser-produced plasmas where the emitted lines are in the x-ray region. How­

ever the decreased temperature tasensitivity implies that the use of several . 

series members might better he used to determine the density and to also pro-

Vide a consistency check on other temperature determinations. 

Our deliberations have thus far been based on rather ideal assumptions. 

Vie have been assumed that our plasma is optically thin and at a fixed tempera­

ture and density. All of these assumptions will break down for the laser-

produced plasmas. First, the plasmas are in general optically thick which 

means that the resonance line can be expected to be greatly altered, over a 

significant portion of the profile. Hence we are in the process of extending 

«ur calculations to higher series members where the effects of optical thick­

ness will be reduced. Secondly, not only will temperature and density not 

be fixed, but it is expected that the electrons and ions will have different 

kinetic temperatures. To deal with this problem, we are modifying our theory 

to allow for different ion and electron kinetic temperatures. Finally, we 

expect to produce time-averaged profiles", so that we nay wore realistically 

analyze experimental data. Toward this end, It should be mentioned that the 

line profiles illustrated here were very inexpensive to produce - approxi­

mately l/20th the cost of those illustrated in Ref. 8. 

He are also in the process of extending our electric microfield -and 

line profile calculation to cases where the radiator has charge Z-l, and 

the perturbers are hydrogenic (Z-l) and helium-like (Z-2) ions, In varying 

ratios, 
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Figure Captions 

rjf.ure 1: The electric nicroficld distribution function P(e), at a point 

having » charge of +17. € 1» In unit* of e^fe • e/r ) and 

•" VV 
iigurc 2: the electric aicrofield distrlbutioti function, P(e), at a 

point having a charge of +9. e Is in units of £0(e • e/r f l) 

and a » r /X-. 

Figure 3; Electric nierofield distribution functions, P(e), for a_ «• 0.6, 

at points corresponding to x • 1» 9, 17. C is in units of e o 

(eo - e/r*) and a - r ^ . 

figure <: Line profiles for the Lyman-alpha line of neon X, illustrating 

various contributions to the complete line profile; a) static 

icn profile, b) profile including static ions and dynamic 

electrons, c) profile including static ions, dynamic elec­

trons, and the Dopplev effect, d) Doppler profile, I * 93.9eV 
22 

and n * 1 x 10 /cc. flu is in units of Sydbergs. 

Figure 5: Line profiles for the Lyaan-alpba line of neon X, illustrating 

various contributing to the conplete line profile; a) static 

Ion profile, b) profile including static ions and dynamic 

electrons, c) profile including static ions, dynamic electron 

and the Doppler effect, d) Doppler profile. T - 809.leV and 
23 n • 1 x 10 /cc. to is in units of Kydbergs. 

Figure 6: Line profiles for tiie Lyoan-alpha line of Argon XVIII, illu­

strating various contributions to the complete line profile; 

a) static ion profile, b) profile including static ions and 

dynamic elections, c) profile including static ions, dynamic 

electrons, and the Dopplcr effect, d) Doppler profile. 

T • 113.2cV and n * 2 x 10 /cc. flu is in units of fydbotgs. 

••»'W"V»» J II • i 
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Figure 7: U s e profiles for the Lymm-alpha line of Argon XVIII, Illu­

strating various contribution to the complete line profile; 

a) static ion profile, b) profile including static ions and 

dynamic electrons, c) profile including static ions, dynamic 

electrons, and the Doppler effect, d) Dopplcr profile. 
23 X - 1019.2eV and n « 2 at 10 /cc. Au is in units of Rydbergs. 

figure 8: Neon X Lyman-alpha line profiles, each of vhich correponds 

to the same temperature but different density. Aw is in Rydbergs. 

Figure 9 s Argon XVIII Lynan-alpha line profiles, each of vhich corresponds 

to the same temperature but different density. Au is in Rydbergs. 

Figure 10: Neon X lynan-alpha line profiles, each of which corresponds to 

the same density but different temperature. Aw is in Rydbergs. 

figure 11: Argon XVIII Lyman-alpba line profiles, each of vhlcb corresponds 

to the same density but different temperature. Au is in Rydbergs. 



Table Captions 

Table I: Probability distributions, P(e), at a point having a charge 

49 e, for several values of £L The field strength, e, Is 

In units of e . o 

Table II: Probability distributions, P(e), at a point having a charge 

417 e, for several values of a_. The field strength, e, Is 

in units of C f 
• o 



: a B 0.2 

0.82795E-02 

0.32355E-01 

O.70015E-01 

0.11793E 00 

O.17206E 00 

0.22817E 00 

0.28227E 00 

0.33099E 00 

0.37184E 00 

0.40329E 00 

0.42471E 00 

0.43629E 00 

0.43883E 00 

0.43352E 00 

-0.42176E 00 

0.40507E 00 

0.38481E 00 

0.3G224E 00 

0.33844E 00 

0.31427E 00 

0.20551E 00 

0.1311CE 00 

O.C50C8E-01 

0.57464E-01 

0.4051CE-01 

0.29671E-01 

Q.17142E-01 

O.10789E-01 

0.72993E-02 

0. S?37m:-0? 

fable I 

a - 0.4 

0.19933E-01 

0.76325E-01 

0.15982E 00 

0.25750E 00 

0.35582E 00 

0.44323E 00 

'0.51181E 00 

0.55773E 00 

0.58074E 00 

0.58321E 00 

0.56899E 00 

0.54242E 00 

O.50765E 00 

-0.46826E 00 

•.0.42706E 00 

0.38613E 00 

0.34688E 00 

0.31018E 00 

0.27649E 00 

O.24600E 00 

0.13715E 00 

0.79675E-01 

0.48503E-01 

O.31248E-01 

0.21209E-01 

0.14989E-01 

0.60386E-02 

,0.45998E-02 

0.27943E-02 

0.17931E-02 

a » O.C 

0.50061E-O1 

0.18414E 00 

0.36197E 00 

0.53756E 00 

0.67584E 00 

0.76003E 00 

0.78976E 00 

0.77485E 00 

0.72874E 00 

0.66441E 00 

0.59217E 00 

0.S1927E 00 

0.45019E 00 

0.38734E 00 

0.33169E 00 

0.28332E 00 

0.24180E 00 

0.20646E 00 

0.17652E 00 

0.15124E 00 

0.72915E-01 

0.38276E-01 

0.21727E-01 

0.13077E-O1 

0.81010E-02 

0.51674E-02 

0.22912E-02 

0.11280E-O2 

O.G1011E-03 

0.35075E-03 

a - 0.8 

0.12237E 00 

0.41742E 00 

0.73441E 00 

0.35661E 00 

0.10474E 01 

0.10281E 01 

0.93966E 00 

0.81936E 00 

0.69277E 00 

0.57426E 00 

0.47032E 00 

0.38264E 00 

0.31040E 00 

0.25178E 00 

O.20455E 00 

0.16669E 00 

0.13636E 00 

0.11204E 00 

0.92505E-01 

0.76738E-01 

0.32482E-01 

0.15390E-01 

Q.77776E-02 

0.41504E-02 

0.2325BE-02 

0.13C16E-02 

0.52827E-03 

0.23564E-03 

0.U75CF.-03 

0.fi42fl7i:-04 



' iob'icl 

lb.'o .'0.39335E-02 0.12092E-02 0.22692E-03 0.37953E-04 

12.0 O.24105E-02 0.62S69E-03 0.10834E-03 0.15660E-04 

14.0 0.15585E-02 0.3717BE-O3 ' 0.61023E-04 O.732S5E-05 

16,0 0.10512E-02 0.24365E-03 0.37269E-04 O.35754E-05 

18.0 0.73717E-03 0.16914E-03 0.23137E-04 O.18041E-05 

20.0 0.53550E-03 0.12035E-03 O.14510E-04 0.939S7E-06 

22.0 0.40156E-03 0.87183E-04 O.92342E-05 O.50419E-06 

24.0 0.30975E-03 0.64236E-04 O.59900E-05 • 0.27831E-06 

26.0 0.24490E-03 0.4B092E-04 O.39741E-05 0.15776E-06 

28.0 0.19777E-03 0.36551E-04 O.26941E-05 0.91682E-07 

30.0 0.16255E-03 0.28174E-04 0.18622E-05 0.54532E-07 

35.0 0.10503E-03 0.15539E-04 0.79448E-06 0.16307E-07 

40.0 0.71638E-04 0.91622E-05 0.36B3OE-06 0.54218E-08 

45.0 0.50974E-04 0.56849E-05 0.18222E-06 0.19609E-0S 

50.0 0.37507E-04 0.36742E-05 0.95030E-07 0.75974E-09 

60.0 0.21932E-04 • 0.16876E-05 0.292C4E-07 0.13436E-09 

70.0 0.13850E-04 O.85331E-06 0.10237E-07 0.28175E-10 

60.0 0.92562E-05 O.46362E-06 . 0.39452E-08 0.67364E-11 

90.O 0.64616E-05 0.26642E-06 • ; 0.16415E-08 0.17885E-U 

100.0 0.46666E-05 0.16013E-06 0.72675E-09 0.51737E-12 



0.1 0.95228E-02 0.2883SE-01 0.87047E-01 0.24017E 00 

0.2 0.37158E-01 O.10951E 00 ' 0.31204E 00 . 0.76925E 00 

0.3 0.8021SE-01 0.22627E 00 0.S8882E 00 O.12320E 01 

0.4 0.13465E 00 0.35799E 00 . 0.82879E 00 0.1431£E 01 

0.5 0.19S62E 00 0.48363E 00 0.97782E 00 0.13816E 01 

0.6. 0.25808E 00 0.58673E 00 . 0.10245E 01 0.U891E 01 

0.7 0.31738E 00 0.65769E 00 0.98700E 00 0.95200E 00 

0.8 0.36968E 00 ' 0.69383E 00 0.89527E 00 0.72853E 00 

0.9 0.41225E 00 O.W796E 00 O.77760E 00 0.54282E 00 

1.0 0.44355E 00 0.67612E 00 0.6548SE 00 0.39835E 00 

1.1 0.46313E 00 0.63564E 00 0.53982E 00 0.29057E 00 

1.2 0.47149E 00 0.58360E 00 0.43866E 00 0.21173E 00 

1.3 0.46980E 00 0.52597E 00 0.35331E 00 0.15468E 00 

1.4 0.45964E 00 0.46730E 00 O.28320E 00 0.11377E 00 

1.5 0.44278E 00' O.41072E 00 0.22662E 00 0.84O86E-01 

1.6 0.42099E 00 0.35815E 00 0.18145E 00 0.6279SE-01 

1.7 0.39590E 00 0.31061E 00 0.14561E 00 0.47238E-01 

1.8 0.36692E 00 0.26643E 00 0.11725E 00 0.35784E-01 

1.9 0.34122E 00 0.23153E 00 
4 

0.94821E-01 0.27502E-O1 

2.0 0.3137IE 00 0.19958E 00 0.77057E-01 0.21122E-01 

2.5 0.19583E 00 0.9666GE-01 0.29511E-01 0.61281E-02 

3.0 0.12025E 00 0.50139E-01 • 0.12954E-01 0.23034E-02 

3.5 0.75686K-01 0.27997E-O1 O.65264E-02 0.11119E-02 

4,0 O.49866E-01 O.16809E-01 0.3728BE-02 0.63823E-03 

4.5 O.3'i2GBE-01 O.106S8E-01 0.2371SE-02 0.37731E-03 

5.0 O.24542E-01 0.70776E-02 0.15980E-02 CJ.22775E-03 

6.0 0.1379GE-01 0.34344E-02 0.74376E-03 C.84627E-04 

7.0 0.8378JE-02 OJ8018E-02 0.35938E-03 O.32703E-04 

8.0 0.S36G3E-02 Q.1O092E-02 O.18001E-O3 0.13126E-04 

9.0 0.3G029K-02 O,C0027i;-O3 0.93331E-04 0.54047E-05 



Table II . 

1O.0 0.25254E-02 0.37715E-03 0..50016E-04 0.23568E-O5 

12.0 0.1389DE-02 0.17178E-03 ' O.1S767E-04 0.48479E-06 

w.o 0.86449E-03 0.91379E-04 0.55728E-05 O.11306E-06 

16.0 0.58938E-03 0.54402E-04 • (U1825E-05 O.29582E-07 

18.0 0.42614E-03 0.3473SE-04 0.93600E-06 0.85947E-08 

20.0 0.31716E-03 0.22793E-04 0.43440E-06 0.27439E-08 

22.0 0.24048E-03 0.14962E-04 O.21561E-06 O.95263E-09 

24.0 0.185WE-03 0.10010E-04 O.11311E-06 0.35593E-09 

26.0 0.14534E-03 0.68513E-05 6.6197SE-07 0.14164E-09 

28.0 0.U573E-03 0.47876E-05 O.35056E-07 0.594O4E-1O 

30.0 O.93423E-04 0.34O9OE-05 O.20323E-O7 D.259B8E-10 

• 35.0 O.57539E-04 0.15630E-05 0.57179E-08 0.->;381E-ll 

40.0 0.37575E-04 0.77485E-06 0.17985E-08 0.62702E-12 

O.O 0.2S666E-04 0.40847E-06 0.61783E-09 0.11911E-12 

SO.O 1I.18169E-04 0.22627E-06 O.22812E-0'' 0.25071E-13 

60.0 O.96B70E-05 0.7800SE-07 0.36929E-10 0.14225E-14 

70.0 0.58438E-05 0.30289E-07 0.71466E-11 O.10465E-15 

£0.0 0.36723E-05 O.12870E-07 ' 0.15868E-11 0.94251E-17 

90.0 0.24195E-05 0.5&70SE-08 O.39320E-12 0.99924E-18 

100.0 0.16551E-05 0.28358E-08 O.10660E-12 0.12121E-18 
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