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Complex atomic spectral line shapes in the presence of an external magnetic field
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Both the theoretical basis and the computational approach for extending the capabilities of an established
spectral line broadening code are presented. By following standard line broadening theory, the effects of an
external magnetic field are incorporated into the plasma average and atomic Hamiltonian. An external magnetic
field introduces a preferential axis that destroys the symmetry of the quasistatic electric ion microfield. An
external magnetic field also modifies the angular properties of the atomic Hamiltonian—atomic energy levels
are perturbed and the spectral emission line is polarized. These extensions have been incorporated in an atomic
line shape code for complex atoms and applied to several problems of importance to the understanding of
tokamak edge plasmas. Applications fall into two broad categaflg¢sletermination of local plasma proper-
ties, such as the magnetic field strength, from distinct line shape feature¢2)andnsideration of global
plasma phenomenon, such as radiation transport. Observable features of the Zeeman effét} majond
line for diagnosing the magnetic fielt.; does not make a good electron density diagnostic since the Zeeman
effect is comparable to the Stark effect for a majority of tokamak edge plasma conditions. For optically thick
lines, the details of the spectral line shapes are shown to significantly influence the transport of radiation
throughout the system.
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I. INTRODUCTION spatial variation in level populations and ultimately the trans-
port of (nonradiative energy. It is this connection between
Plasma properties in the tokamak edge typically span sewhe energy transport and the details of spectral line shapes
eral orders of magnitude at any given time during a typicalthat motivates this research.
experiment[1,2]. The system properties generally span the Investigating radiation effects on plasma transport in to-
following range: 1&<n (cm 3)<10%, 0.1<T.(eV) kamak edge plasmas requires a spectral line shape code that
<500.0, and 0.£B(T)<10.0; wheren, is the electron den- includes the effects of an external magnetic field and is nu-
sity, T, is the electron temperature, aidis the magnetic merically fast so that it can be integrated into larger transport
field strength(with permeability set to unity While this  codes. Since the source of radiation can come from hydro-
large variation in plasma conditions poses many importangenic and nonhydrogenic atoms, such as carbon and boron,
theoretical and computational challenges, for the presente also seek to produce a spectral line shape code that ap-
spectral line shape study the high-density low-temperaturglies to atoms with complex structure. These goals are ac-
(HDLT) edge plasma regions are of particular intef@$t complished by considering both the theoretical and compu-
The HDLT plasmas are found in detached divertor experitational aspects that pertain to incorporating magnetic effects
ments near the divertor target plate and in Marfas axi- into the many electron atom spectral line broadening model
symmetric radiating phenomenon that is poloidally localizedroTaL [4]. The resulting model is namewbTALB.
in the plasma edge In ALCATOR C-Mod, HDLT plasma To set the stage for the current paper, a brief history of
properties are of the orden,~10® cm 3, T,~1.0 eV, B magnetic line broadening is presented. The effect of an ex-
~6 T in a region of characteristic spatial extdnt-3 cm.  ternal magnetic field on spectral line shapes was initially
What makes these plasmas especially interesting is that theyudied by Hoeet al. [5], a decade after the seminal papers
are partially ionized(there exists a significant fraction of on pressure broadening by Baranf@rand Kolb-Griem{7].
neutral particles in the edge plasmand they interact Drawinet al.[8] experimentally verified the theoretical work
strongly with line radiatior(optical depths are much greater of Hoe et al. [5] by using a straight discharge tube sur-
than unity. Thus, in HDLT plasmas, the details of spectral rounded by a magnetic coil. It is interesting to note that this
line shapes will be important to the spatial and frequencyplasma discharge is nearly identical to HDLT tokamak
variations of the radiation field, which in turn influences theplasma conditions. These two papers set the groundwork for
future investigations and applications in the area of magnetic
line broadening.
*Electronic address: adams@mit.edu An effect that is also relevant to inertial confinement fu-
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sion (ICF) plasmas and pertains to the presence of a magtion, the reader is encouraged to consult Gr{d8i, and the
netic field is the translational Stark effed{=vXxB). The references therein.

translational Stark effect was first introduced by Galushkin

[9] and later in independent efforts by Is[er0] and Breton A. Spectral line shape

et al.[11]. These authors, primarily concerned with tokamak . . o
plasma, focused on the quantum mechanical problem of a Following Baranger{6] and Kolb and Grieni7], it is

hydrogen atom under the influence of both the Zeeman effe&-Stomary to begin with the quantum electrodynamical for-

and the translational Stark effect. While their work neglectedul for the power radiated by an atom in an electric dipole

plasma broadening, it did consider correlation effects withransition from an initial statéi) to a final state {):

the Doppler motion. Later, Hoet al. [12] considered the

4
translational Stark effect for ICF plasmas by adding the ef- P(w)= Aiqﬁ(w)' (1)
fect along with Doppler correlation effects to their previous 3¢t
work [5].
Mathys introduced the unified classical path approxima- 1 (= ot
tion from mainstream line broadening research to magnetic H(w)= Eﬁx@(t)e “dt, @

line broadening13,14], accounted for ion dynamical effects

[15], and a decade later incorporated the translational Stark

effect[16]. This latter work by Brillantet al.[16], which was d(t)=2, pili(0)]d| g (0N (D) (D), (3

initiated to study main-sequence stars with spectral types be- if

tweenF0 andB2 that have magnetic fields greater than 1 T, h is th i h lized .

marks the first treatment of the plasma Stark effect, the transy€re ‘f’(w_) Is the spec_tra In€ s amﬂorma 12€ tc_) unity

lational Stark effect, and the Zeeman effect for hydrogenicf¢(w)dw_l) anad(t) is the time correlation functior;s

emitters. represents a sum over all final states and an average over all
Recent research papers have reported on independent émt'al, states fchat contribute to the line shapejs the |n|t!al

forts to develop a magnetically broadened hydrogenic specdensity matrix of the systeny(t)) represents the statén

tral line shape codEL7,18. Since this recent trend has been theé Schrdinger pictur¢ of the system, andl is the time-

sparked by the magnetic confinement fusion community, it iéndeperlder;t electric dipole moment of the system. The quan-

appropriate to mention two examples, namely the developlty 4@"/3c” can be added after the calculation ¢{«)

ment of BELINE for ALCATOR c-MoD [17] and the work of ~ Since the frequenpy variation af* is small across the spec-

Ginter-Kenies for ASDEX-U [18]. These works clearly dem- tral line shape; this transfers the focus from the power radi-

onstrate the need for a reliable line broadening code for théted to the spectral line shape. To connect with dynamical

magnetic confinement fusion community. theories, the initial focus is further transferred to the corre-
This paper uses standard line broadening theory to ddation function. _ _ _

velop TOTALB, a computationally efficient magnetic spectral _Following Fand20], the correlation function can be sim-

line shape model, and then applies the model to several prolﬁ’-“f'ed 'usmg'general operator techniques. First, we introduce

lems of importance to the understanding of tokamak edgdhe unitary time evolution operatot)),

plasmas. Section Il reviews standard line broadening by the-

oretical and computational methods. In order to provide a (D) =U(t,to) 4(to)) (43
complete description ofoTALB, this section is supplemented B .
by Appendix A, which describes the electron collision =exp — (i) H(t=to)}H o(to)), (4b)

model, and Appendix B, which describes the quasistatic ele
tric ion microfield model. Section Il builds on the preceding
section and systematically incorporates the magnetic field b
first considering the modifications of the plasma average an
then of the atomic Hamiltonian. Section IV applieSTALB

to the study of tokamak edge plasmas. Here, both direct di-

agnostic techniques that pertain to magnetic line shape fea- <I>(t)=_2 pi{ i (0)]d|5(0)){:(0)|UTdU|4;(0)) (58
tures and radiation transport are considered. Section V pro- it

vides concluding remarks and proposes future research

SvhereH is the total Hamiltonian in Hilbert space. After in-

serting Eq.(4) into Eq.(3), applying the closure relation, and

¥ membering that TAB) =Tr(BA), the correlation function
ecomes

directions. =Tr[dUp;dU™]. (5b)
Next, we introduce the Liouville operatoiL), which de-
II. GENERAL LINE SHAPE FORMALISM scribes the time evolution of the density matrix,

In this section, the pertinent elements of the current em- . dp
bodiment of atomic spectral line shape calculations are dis- ih—-=[H.p]=Lp. (6
cussed. No attempt at giving a complete history of the sub-
jectis made; rather the intent here is to prepare the reader famis equation has the following solution:
the subsequent discussion on the introduction of an external
magnetic field. To supplement the topics covered in this sec- p(t)= U(t)p(O)UT(t) =exp[—(i/f)Lt}p(0). (7)
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Notice that Eq(7) is similar to other infinitesimal orthogonal microfield used imOTALB are included in the appendices and
transforms, such as the time evolution operator in(Bgand  computational details of the line shape calculation are now
the rotation operator. After inserting E() into Eq.(5b), the  discussed.

general correlation function can be written as Following Calistiet al. [4], the spectral line shape com-
_ putational approach centers around solving the complex ei-
O (t)=Tr{dexp{— (i/f)Lt}p;d]. (8  genvalue problem for a fixed ionic field and then averaging

) ) ) ) over possible ionic fields. Since the correlation function must
In this form, the inverse Fourier transform in EQ) has a pe real, which requires thai( — w) = ¢* (w), the line shape
simple solution. However, this expression is too general fo'équation can be written as

tractable calculations and further approximation is necessary.

Following Fano[21], who used the Zwanzig approach 1 o _
[22], Eq. (8) can be simplified by separating an emitting d)(w):—Ref d(t)e'tdt. (12
atom from the surrounding plasma, which acts as a thermal & 0
bath. To achieve this separation, two approximations ar . . . .
made. First, the initial corrpelation betweenptphe at@nand _%\fter m_sertmg Eq.(l_l) mtq Eq: (12) and performlng the
plasma(p) states are neglected so that the density matrix calntegration over the ion microfield last, the line shape be-
be written as follows: comes

1 HP _ 1o [ ,
p%pa(t)pp(0)=pa(t)zexp{—?], (9) ¢(w)—f P(E);Re . {(ap|dexp{—ilt
whereZ is the partition function. Second, it is assumed that X(LE=iT)thpfd|e’ ') ! didE (133

conditions at an earlier time do not affect the change in the

density matrix at time (Markoff approximation. These ap- Ne

proximations affect the Liouville operator and allow the cor- = 21 Wio(Ej, ), (13b)
relation function to be written in the form, =

where the integration ovédt has been replaced by a sum that
represents an average over discrete ionic fields with weights
c given byW; . The solution of(E; ,w), the complex eigen-

Hamiltonian, I’y is the general relaxation theory collisional valu_e proble;n fqr f_|xeq lonic field&;), is simple in the
operator, the trace is performed over all atomic states, and2SiS Wherdg —iI"is diagonal.

the averagdav) is over plasma states. At this point, it is  Let |k)) be the basis in whicl.Z —iT" is diagonal with
possible to introduce theoretical details of the correlationcomplex eigenvaluezk(E,-)=xk(Ej)J+iyk(Ej). The eigen-

function model. values are, in general, complex siniceés not Hermitian. In

Following Griem[23], the spectral line shape calculation the |k)) basis, ¢(E;, ) has the following inverse Fourier
considers those electric dipole transitions between boungansform:

states that contribute to a well defined frequency range. The
associated atomic states are grouped into an upper manifold <<
apB

CID(t):Tra[dexp{—(i/ﬁ)(La—il“g)t}pf"d]a\,, (10

wherelL? is the Liouville operator pertaining to the atomi

1 0
(with states|a)) and a lower manifoldwith states|g)).  ¢(Ej,0)= TEjd;Ref exp{—(i/ﬁ)TEj
Dipole transitions between states of the same manifold and 0
collisional transitions between different manifolds are not _
consideredno quenching assumptipriThe plasma average X(LE—iF)TEjt}e"”‘dtpiSdTE
is handled by separating the effects of the fast electrons and :
slow ions by introducing an electron collision model and a

guasistatic ion microfield model into the correlation function: _ 2 Cil =X (Ej) 1+ Cokyi(E))
K [o—xE)IP+yi(E))?

eo)) e

: (14b)
O(t)= f P(E){(apldexp{—(i/A)(LE—iT)t}

whereTEj is the transformation matrix which diagonalizes
X pid|a’B'))dE, (1) ng —iT’, the sum is over eigenvalues with fixégl, and the
coefficientsc,; andcy, depend ond and TEj. Finally, the

where P(E) is the quasistatic electric ion microfield distri- discretized spectral line shape can be written as

bution function L is the Liouville operator pertaining to the
atomic Hamiltonian for a particular ionic field], " is now ng
the electron collision operator, andgB)) represents the ¢(w):2 W
atomic state in Liouville(or line) space. Independent of the =
specific models used in the plasma average, there exists a

general computational approach for solving this problemIn order to implement this formula, atomic structure infor-
Hence, summaries of the electron collision operator and iomation is needed.

Cal @ =X (Ej) 1+ Coryi(Ej)
K [o—xENPHydE)?

(15
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B. Atomic structure falls within the specified frequency range. If the transition
&nergy is within the frequency range of interest and the elec-

placed on the definition of a bound state; it can represent i dipole line strength is nonzero, then the associated states

hyperfine level of hydrogen or a configuration averaged levef® included. Finally, the manifolds are supplemented by the
of carbon. While this approach separates the atomic structurates that contribute to Stark broadening in a manifold;
calculations from the line shape calculations, there remain@9in the electric dipole line strength is used.

the task of constructing an optimal set of atomic data. To

arrive at such a set, one uses the fact that atomic structure

information only enters in the selection of states that contrib- lll. INCLUSION OF AN EXTERNAL MAGNETIC FIELD

ute to radiation in a specific frequency range and the evalu- Haying reviewed the general line shape formalism em-
ation of the Liouville operator matrix elements. The latter ispjoyed inToTALB, it is now possible to discuss the inclusion

In the spectral line shape derivation, no restrictions wer

considered first. of an external magnetic field. The magnetic field affects both

In Liouville space, or line space, the Liouville operator the plasma average calculation and the atomic Hamiltonian.

matrix elements are Effects of the plasma average are considered first, including
both the electric ion microfield model and electron collision

((aBlLelap))=tiw.g, (163 operator. Effects of the atomic Hamiltonian are then consid-

, , ered and the discussion identifies new required atomic struc-
((apBl|LelaB’))=(Bld|B")E, (16D yre information. We note that while the modification of the

atomic Hamiltonian is exact, more work is needed to rigor-

((aB|Lgla’B))=—(ald|a")E, (160 ously incorporate magnetic effects into the plasma average.

wherefiw, 4 is the energy difference between stdtes and
|B), (B|d|a) is the electric dipole matrix element in the A. Plasma average modifications
Hilbert space, ancE is the ionic field strength. Thus, the

atomic data information must includél) a label for each The plasma average consists of two parts: the electron

state:(2) quantum information ascribable to each state; an ollision operator, which is calculated within the framework
24 ' f binary collision relaxation theory, and the quasistatic elec-

©) g;?g&:tigg’?ri g}ggt'éceé?&?gt;;ﬁg‘(’gg%gﬁtsetsﬁat appeaFriC ion microfield. An external magnetic field modifies these
in Eq. (16) requires a complete specification of the relevantparts by giving the system a preferential axis. This preferen-

Lantum numbers for the states involved. Due to the s herlt_ial axis destroys the arbitrary orientation of the electric di-
q . " phe pole operator and can alter the dynamical properties of the
cal symmetry properties of atoms with complex atomic

structure, this calculation can be simplified by using theplalimt?].e absence of a maanetic field. the quasistatic ion
Wigner-Eckart theorerh24] as follows: 9 ' q

microfield model assumes the plasma surrounding the emit-

3 1 ) ting atom is spherically symmetrigsee Appendix B The

-M q M’

electric dipole moment can be chosen to point in an arbitrary
direction and the ion microfield distribution must be a func-
tion only of ionic field strength. With the introduction of an
(1) rqr
XAl 97), 17) external magnetic field, and hence a preferential axis, the
spherical symmetry is broken and the integration over the
icrofield distribution becomes anisotropic:

(*yJMldél)lv’J’M’>=(—1)J‘M(

where tensor-operator notation has been explicitly used, th
second term on the right-hand sid@HS) is a Wigner 3}
symbol and the square of the last reduced matrix element on P(E)dE—P'(E, ,E))dE, dEj, (18
the RHS is known as the electric dipole line strength. The
electric dipole line strength includes the radial matrix ele-
ment information and is independent of angular momentunwhere the subscripts refer to the direction of the magnetic
coupling schemes—a detail that allows atomic structurdield. This amounts to averaging over electric field directions
codes based on either LS or JJ angular momentum couplinglative to the magnetic axis. Note that, while the microfield
schemes to generate input fodTALB. Now, the only atomic integration has been modified, the microfield itself, which is
information necessary to calculate the electric dipole matrixpresented in Appendix B, is assumed unchanged by the in-
elements are the2-1 value of each state, which specifies troduction of a magnetic field. This modification accounts for
the possible orientations of thej3symbol, and the reduced a majority of the increase in computational time both through
matrix elements between states. the introduction of a double integration into the plasma av-
Returning to the diagonal elements of the Liouville opera-erage and tripling the number of nonzero electric dipole ma-
tor matrix elements, it is clear that energy level informationtrix elements that enter the complex eigenvalue problem. The
is also needed to calculate the energy difference betweeillowing discussion considers the limitations of this model.
states. The upper and lower manifolds are constructed by As an estimate to the validity of the quasistatic ion mi-
including only those electric dipole transitions that contributecrofield model(see Appendix B we compare a characteris-
to a given frequency range. This is done by first calculatingic fluctuation frequency to the ion plasma frequency. In the
the energy difference between states to see if the transitioimit that the half-width at half maximuntHWHM) of the
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normalized line profileA w4, is much greater than the ion 60000 60000
plasma frequencw,,;, the quasistatic ion microfield model
is valid. In the presence of an external magnetic field, the _ -
Lorentz forceqv X B can increase the plasma frequeh2g]. %.30000 ’330000.
Thus, the condition for validity becomes less stringent and = <
ion dynamics might be important when a magnetic field is
present. A more general criterion for neglecting ion dynam-

ics, which accounts for the asymmetry of the ion plasma 10208 [oV] 10.205 10204 [eV] 10.205
frequency, is a) b)
Awy> oLy~ wp (19 FIG. 1. Zeeman components of hydrodey, inaB=6 T mag-
pis

netic field. The observation direction {®) perpendicular to the

where the lower hybrid resonant frequeney,, is the ion  magnetic axis = m/2) and(b) along the magnetic axis3=0).
plasma frequency perpendicular to the magnetic field. If ion . o o
dynamics is important then anisotropy should be considered B. Atomic Hamiltonian modification
further. In the presence of an external magnetic field, the atomic

The literature on the importance of ion dynamics in theHamiltonian angular properties are altered—atomic energy
presence of an external magnetic is unclgds,18. Two |evels are perturbed and the line shape is polarized. We use
authors have considered the importance of hydrogen ion dythe nonrelativistic one-electron atom Hamiltonian to illus-
namic effects on magnetically broadened spectral line shapefate this modification and at the same time introduce the
through the model microfield methdMM ). Conclusions  approximations employed. Generalization to atoms with
from such an approach are not definitive since the MMMcomplex structure is then accomplished through the use of
may not be applicable in the presence of a magnetic fieldRacah algebra.
This topic remains unresolved and will be the study of future The atomic Hamiltonian for a one-electron atom in a uni-
research. form external magnetic field, with vector potential=

As an estimate of the validity of the electron collision —1Rx B, is given by
operator (see Appendix A we examine the limit where
Awyp, is much less than the electron plasma frequengy.
In the presence of a magnetic field, the Lorentz force in-
creases the plasma frequency and increases the region of
validity of the electron collision operator. The general con- 2 e q°B2
dition for the validity of the electron collision operator can = [2—+V(R)] - —L-B+—~—R?, (21b

me h 8m,

be expressed as

H:2me

[P—aA(R)J?+V(R) (213

Aw 1< wpe= w0y, (20) where R _refers to the atomic electron coordigat@%
=q%/2m, is the Bohr magneton.=RXB, and Ri=R
where the upper hybrid resonant frequensy,, is the elec- — (R-B?)/B? is the projection ofR onto the plane perpen-
tron plasma frequency perpendicular to the magnetic fielddicular to B [26]. The term proportional td is called the
While the external magnetic field strengthens the validityparamagnetic term; the term proportionalé is called the
condition, it also introduces anisotropy. diamagnetic term. Assumirig is small 8<10® T), the fol-

Consideration of magnetic effects on the motion oflowing energy ordering applies
charged particles results in a constraint on the binary colli-
sion relaxation model straight-line patlsLP) approxima- £~&<1
tion. The condition for validity of the SLP approximation is AE, AE; 7
that the Larmor radius must be greater than the Debye length
(r_.>\p); or similarly the Larmor frequency must be less where the subscript denotes order with respe@.t&uch an
than the electron plasma frequency & qB/2m.<wyg). energy ordering is valid for magnetic confinement fusion,
Explicitly writing the plasma property dependence involvedwhereB<<10 T, and can be written in terms of plasma prop-
in this condition places an upper limit on the magnetic fielderties as
strength:B(T) <4.5Nngy4 Whereng, is the electron density
in units of 13* cm™3. Thus, for most HDLT edge plasma
phenomenon, the SLP approximation is valid and the mag-
netic field does not affect the electron collision operator.

Since the approximations inherent in the electron collisionwhere« is the fine structure constant. Thus, the diamagnetic
operator remain valid in the presence of a magnetic field, théerm is negligible compared to the paramagnetic term and
electron collision operator as it appears in Appendix A iswill not be considered.
unmodified inTOTALB. The neglect of magnetic field effects =~ The change in frequency and polarization of the emitted
on the electron collision operator has been taken by otheradiation due to the paramagnetic term is collectively called
authorg 16,18 and the present treatment is at no less a levethe Zeeman effect. These effects are illustrated in Fig. 1. The
of approximation. line shapes depicted in Fig. 1 were calculated wWitiTALB

(22

1
ugB=fo < E|=§a2mecz, (23
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using nonrelativistic atomic data and neglecting both plasma IV. TOKAMAK APPLICATIONS
broadening and Doppler broadening. The transition energies

and relative magnitudes agree with first-order perturbation .Apphcatlons ofroTALB fall into two categories(1) det(_ar- .
theory[26]. mination of local plasma properties, such as magnetic field

For atoms with complex atomic structure, the paramagstrength, from distinct line shape features; é8dconsider-

netic term only affects angular properties of the atom. Th
general paramagnetic term can be written as

L-B—[J+(gs—1)S]-B, (24)

e

ation of global plasma phenomenon, such as particle and
energy transport. This section considers both types of appli-
cations. In the numerical calculations that follow, we use

atomic data from the relativistic complex atomic structure

code HULLAC (Hebrew University Lawrence Livermore

whereg.=2.00232 is the anomalous gyromagnetic ratio forAtomic Code [27].
electron spin. Now the complete atomic Hamiltonian can be

written as

H=H0+H5+Hz, (25)
where H, represents the full complex atomic Hamiltonian
(that may include fine structure effegtélg (Stark andH,
(Zeeman are given by

He=—E-dW),

(26)

(27)

Hy=—B- u"Y=pugB-[J+(gs—1)S].

To evaluate the paramagnetic matrix elementBetBz
andgs=2. The matrix element takes the form,

1
—MBBWJMIHsz’J’M NY=(yIM|IP+ Py’ I M.
(28)

In a manner similar to the electric dipole matrix element, this

equation can be simplified by application of the Wigner-
Eckart theorem,

(YIMIEP+ ]y 7M7)

!

v o M,)<w||a<l>+s<l>||w>.

(29

The square of the reduced matrix element on the RHS i

A. Hydrogen resonance line

In HDLT plasmas, the resonance line of hydrogéry ()
has a significant optical depthr{ yL>1, wherey is the
line radiation absorption coefficient aridis a length char-
acterizing the extent of the plasma regioBince details of
the spectral line shape will affect the plasma opacity, it is
interesting to quantify magnetic field effects en

To begin, the line radiation absorption coefficient for a
plasma in local thermodynamic equilibriu(bTE) [28] is

hVij hVij
x(v)=niBjj 7 — ¢ij(v)| 1—exp — —
e 7
~n; Fgom_cqb”(v) fij, (319
0.01 B
X0~ Ni1g AE., fij(cm™7), (31b

wherei (j) refers to the loweftuppe) level of a bound-bound
transition, B is the Einstein B coefficienthy;; is the line
center energyg is the line profile,T is the thermodynamic
temperaturef is the line absorption oscillator strengipy is

the line center absorption coefficient;, is the neutral level
density in units of 18 cm™3, and AE is the full-width at
half maximum(FWHM) of the line shape in units of eV. In
Egs.(319 and(31b), the terms in curly brackets represent an
effective cross section for photon absorption. The latter equa-
fion demonstrates the inverse proportionality betwedn

called the magnetic dipole line strength, analogous to th@nd y,. As a line becomes broader, the oscillator strength is
electric dipole line strength. Note that the magnetic dipolegistriputed over a greater frequency range. Wighgiven by
line strength also includes radial matrix information and isgq, (31b), the optical depth can be estimated with a suitable
not dependent on an angular momentum coupling scheme ¢hoice ofL.

The magnetic dipole line strength is closely related to the Tne effect of an external magnetic field on opacity can be

weighted radiative transition probabilitg A). More specifi-
cally

= E[(yIID+ D]y 372,

!

J 2
(l)+ 1) r1r\|2
P TP TE TRt
(303

(30b)

gAw1=§ 2

MM’'q

quantified by usingoTALB. As an example, Fig. 2 depicts a
typical hydrogenLy, line shape for an HDLT plasman{
=10%cm 2 andT.=1 eV), with (B=6 T, solid line and
without (B=0 T, dashed lingan external magnetic field. As
the magnetic field increases froB+0 T to 6 T, the FWHM
increases fromAE=0.0009 eV to 0.0011 eV. Setting
=1 cm and choosing a ground state density wof
=10" cm™? yields values withoutwith) magnetic effects:
absorption coefficient of 5.1 cht (4.2 cmi't); effective

where ¢ is a constant. Since, many atomic structure codephoton mean free path of 0.20 c(@.24 cm; and optical
calculategA in this atomic data, the reduced matrix elementdepth of 5.1(4.2). Thus, magnetic line broadening reduces

associated with the Zeeman effect can be easily extracted.

the optical depth by=18%.

066413-6



COMPLEX ATOMIC SPECTRAL LINE SHAPES IN TH . . . PHYSICAL REVIEW E 66, 066413 (2002

1200 2000
1500}
800 —_
T 3
3 = 1000}
=g
400} =
500F _
I i kS
L A 1 i L ‘\"*- L
10.202 {10.204 10.206 1.888 1.889 1.89 1.891
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FIG. 2. HydrogenLy, line shape with an external magnetic FIG. 3. Magnetic field strength variation froB=4 T (dash-dot
field (B=6 T, solid line and without 8=0 T, dashed ling line) to B=8 T (solid line. Plasma conditions are:n,
Plasma conditions are,= 10" cm~2 andT,=1 eV. The direction =~ =10"cm 3 andT,=1 eV. The angle of observation is perpen-
of observation is perpendicular to the magnetic a@ds-(r/2). dicular to the magnetic axis8= m/2).

While magnetic line broadening significantly affects theiS not the same as inferring the magnetic _field frqm the first-
g g s\ y rder Zeeman effect alon@\E,,»,= wgB), since this would

spectral line shape, the signature featu_re o_f the Zeeman eg'e valid only in the absence of plasma broadening. To quan-
fect, namely the Lorentz triplet present in F|g1a)1doe_s not tify the error made by neglecting plasma broadéning the
appear. AtT__41 ev., th_e D_oppler width is approximately magnetic field strength calculated using only the first-order
AEp~8X10" eV, which is comparable to the Zeeman

ol _ Zeeman formula wittAE, taken from theB=8 T curve in
. —~ 4 1/2
iglrlglr::g tﬁpElét_ZﬂBB 7X107" eV and thus masks the Fig. 3 would be 8.21 T. In this case, the result is an overes-

timate of the magnetic field strength by 0.21 T, which would
o _ ) lead to a significant difference in the inferred emission re-
B. Magnetic field diagnostic gion in a tokamak.

Equation(25) has three terms on the RHBj, pertains to At this point, it is interesting to quantify the validity con-
the energy of a statetig leads to the Stark effect and is ditions of Sec. Il A. In order to neglect ion dynamics, we
proportional to the plasma density as well as the principalequire Awy,> w y~wy;. From Fig. 3 and various defini-
quantum numbetwhich scales approximately ag) [24];  tions of the HWHM Aw;,~2-9x10''s™*, using B
andH, leads to the Zeeman effect and is proportionaBto =6 T, we havew ~2x10"s™* and wp~4x10"s ™.
Thus, the shift and intensity of a spectral line shape compoThus, Aw1/,> w,;> oy and the quasistatic electric ion mi-
nent are dependent on the relative contributions of both therofield model is at least as valid as in the absence of a
Stark effect and the Zeeman effect. Furthermore, the intenmagnetic field. To ensure the validity of our binary collision
sity of a component will vary with the angle of observation relaxation model, we requird ,,<wp.<wyy and B(T)
relative to the magnetic axis due to the polarization proper<4.5/ng;,. Using B=6 T, we havewyy~2.1x102s™?
ties of the Zeeman effect. From these line shape properties, #nd wpe~ 1.8X 10*2s71, thus the first inequality, is valid;
the Zeeman effect dominates the Stark effect then both thimserting the electron density into the second inequality, we
magnetic field strength and the angle of the magnetic fieldind the following upper limit on the magnetic field(T)
relative to the direction of observation can be accurately de<<14(T) and can safely say the second inequality is valid.
termined usingroTALB. Figure 4 shows the line shape from an angle of observa-

For HDLT plasmas in theLCATOR c-moD tokamak,H tion along the magnetic axis, with the same plasma condi-
is a prime magnetic field diagnostic candidate. High-tions as in Fig. 3, and reveals a better candidate for deter-
resolutionH , measurements are made routinehALITATOR mining magnetic field strength. The absence of the central
c-MoD [29] and the data clearly exhibit the Zeeman effectcomponent allows the diagnostic to be applied to lower mag-
signature[3]. While these measurements were intended to

study the hydrogen to deuterium ratio and plasma fluctua- 2000;
tions, they are ideally suited for magnetic field diagnostic
pUrpoSes. 1500¢
To demonstrate the magnetic field diagnostic procedures, =
we first determine the magnetic field strength. Figure 3 ©,1000F
shows the sensitivity ol , to changes in the magnetic field <
strength for conditions typical of an HDLT plasma; notice 500f i i
how the energy of ar component moves further from the ; \
centralm component as the magnetic field strength increases. i AN
Given the electron density and electron temperatang ion 18838 1.889 E [;\'fig 1.891

temperature if it is different the magnetic field strength is

determined by numerically matching the energy difference FIG. 4. Same plasma conditions as in Fig. 3 but now the angle
between the centrak component and a component. This  of observation is along the magnetic axj3=0).
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0.2 = 1.2x10™} P
g I ;
0.15¢ % |
. g 8.0x10%F
S oiaf E —
[7]
= g |
u - <05
0.05}F L L. 5 4.0x10°
2
L 1 L = L / ,:'. A\
10 10° 10° Y AN
n, [ 0" cm-sl -0.001 0 0.001
e

AE [eV]

- - 23 qpnli

FIG. 5. A 28"” of theH; HWHM including the ng™ scaling FIG. 6. Ly, emissivity at the center of the plasma slab. The
(Aa=A)\1,2/ne3) as a function of electron Qen3|ty. The curve as- golid curve 3=/2) and the dashed curve8E€0) are magneti-
ymptotes when the linear Stark effect dominates other broadening,)y proadened lines shapes; the dotted line is without magnetic
mechanisms. Plasma properties aBe=6 T, T,=2 eV, and g field effects included.
=7/2.

D. Finite plasma slab

netic field tokamaks at a fixed experimental resolution. Fig- HpLT tokamak edge plasmas strongly interact with hy-
ures 3 and 4 also illustrate the variation in intensity, but ”O‘drogen line radiation. Thus, in HDLT plasmas, the details of
shn_‘t, of the_ line profile components with an angl_e of Obser'spectral line shapes will determine the spatial and frequency

vation relative to the magnetic axig). For an arbitrary,  yariation of opacity, which in turn influences the spatial
the spectral line shape intensity is given by variation in level populations and ultimately the transport of

_ . energy. Through full integration ofoTALB into a coupled

$(w,B)=CoS(B) () +SiIM(B) ¢, (). (32 nonlocal thermodynamic equilibriugNLTE) atomic kinetics

and radiation transfer codereTIN [31], the effects of mag-

This property can be used to determigeby numerically netically bro_adened line _shape_s can be quantmed_.
matching the relative intensity of the component to ar we c9n3|der_ a one-dimensional plasma slab in th
component. plang with a thickness of =1 cm and plasma properties:
B=6x T, Te=1.0 eV, n,=10"cm 3, andn,=10"*cm 3
(ground state neutral hydrogen densitfFigure 6 demon-
C. Electron density diagnostic strates the.y, emissivity variation with angle relative to the
magnetic axis. Figure 7 shows the variation in optical depth

In plasmas without an external magnetic field, the spectral

line width is commonly used to determine plasma densities(.)f the plasma slab witfsolid line) and without(dotted ling

For instance, Griem recomments; as an excellent candi- magnetic field effects. Figure 8 plots the spectral radiation

date for determining the electron density in plasmas wher%rﬁ?r(]j%:; ﬁﬁ%‘nr?];higtliisgﬁdg:f?evggmlﬁhgn?%tiaiirmir;te-
ne>10" cm 23 [19]. In this density regime, the linear Stark ated over ener gi]ncreased byL0% ~ this differencye in-
effect dominates over other broadening mechanisms and e . 9y o .

213 creases with optical depth. Magnetic field effects will not

FWHM scales asng”. Below an electron density of . ; . . . L
. . . directly affect the integrated intensity of optically thin lines
10" cm™3, fine structure effects begin to enter and the domi- y 9 y of optically

- _since all the emitted photons in an optically thin line escape
nant FWHM dependence T“"’?"es. a transition from the IIneaEmd their distribution relative to line center is irrelevant.
Stark effect to the quadratic ion impd&o].

. S However, optically thick lines can affect the excited state
In plasmas with an external magnetic field, the Stark ef- P y

fect competes with the Zeeman effect. ier-Konies [18]

investigated the feasibility ofi ; as a density diagnostic for 8

low magnetic field tokamaksB(~2 T) and found it to be I FAY

useful, providedn,>2x 10" cm™3. We comment that this 6r i3

result is sensitive to the plasma average and their valid den- .

sity range is decreased when ion dynamics is neglected. e 4l

Figure 5, which was calculated for conditions typical of

ALCATOR C-MOD (B=6 T) and uses a more appropriate ]

plasma average, indicates thdj is not useful as an electron 2r

density diagnostic unlesg>2x 10'> cm~2 or then2® scal- i ; 3

ing is abandoned for a numerical fit. Future interpretations of 05 001'"'7 —5 0 357

H; data can rely omOTALB to predict electron density, how-
ever current interpretations that neglect magnetic field effects
should rely on highen Balmer lines to take advantage of the  FIG. 7. Ly, optical depth of the finite plasma slab witkolid
n? Stark scaling, e.gHg .». line) and without(dotted ling magnetic field effects.

AE [eV]
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[
e APPENDIX A: ELECTRON COLLISION OPERATOR
(2]
§1_0x1o-°6- The electron collision operator represents the effect of the
S, electron field on the radiator and is usually calculated within
- } _. the framework of a binary collision relaxation theory. The

10,555 5550015555 main difference from the standard impact approximation is to

E [eV] take into account the change of the electron collision opera-
tor with respect to the increase of the frequency separation
FIG. 8. Ly, spectral radiation intensity escaping the finite from the line centeffor example ' (A w)#I'(0)].
plasma slab with(solid line) and without(dotted ling magnetic The electron collision operatof'{, traditionally obtained
field effects. by invoking the impact theory, corrected for a frequency de-
pendent impact parameter cutgthe Lewis cutoff[33]) is
population distribution, leading to changes in emission frommodified to give the following expression of the frequency
optically thick lines, as well as ionization, recombination, dependent collisional operatf34,35;:

and energy loss rat¢82].
coy 1 J'oo _dx
— e JRN— ,
" 2)yaw X

The effects of an external magnetic field have been added (A1)
to the spectral line broadening modelTAL [4] and the goal ) o ,
of producing an atomic line shape model that includes magWhered is the electric dipole operatom, is the perturber
netic effects and can be included into larger transport code®ass:Cn is @ strong collision term that depends on the prin-
has been reached; the resulting modetdsaLe. However, cipal quantum numbenm, andy(Aw) is given by
while the atomic Hamiltonian modification is complete and
the conditions for the modification of the plasma average y(Aw) (
have been obtained, future work on incorporating magnetic
effects into the plasma average is needed for a more robust
model. where w, is the electron plasma frequency agd is the
Since the region of validity of the quasistatic ion mi- ionization energy of hydrogen. Note that in these appendices,
crofield is restricted by anisotropic ion dynamics, future re-cgs units are in use with the exception of temperature in
search is needed to determine the roleR¢E,E,), the  energy units.
conditional probability, in regimes where ion dynamics may The final line shape has the following form:
become important. Since the SLP approximation is out of the

2
d-d

T(Aw)= 1 /2mg [ h
V. DISCUSSION ( w)—ﬁ 1Nl

e

fin2

2

2, 2 2
wpetAw

ET (A2)

region of validity, research is needed to look at anisotropic r A

electron collision dynamics. Also, development of a test to H(Aw)> —Aw2+F2 O<Awsowr, (A3)
evaluate the detailed role of electron impact models is war- -

ranted, especially since this may lead to further reduction of (Aw) ™% Aw= oy,

computational cost.

While these areas of future research limit the general apwhere wy is the Weisskopf frequency, and faro= wye
plicability of TOTALB, there still exist numerous applications the electrons are supposed to be static and the corresponding
to tokamak edge plasmas, as well as other systems in plasrfiae shape is well described by the Holtsmark thel@#].
physics, condensed matter physics, and astrophysics. For to- Here, it is important to point out that this frequency de-
kamak applications, simulation of atomic spectral lines, suctpendent collision operator is used in post processing and,
as carbon and boron, is now possible and can potentially leagbnsequently, no extra computational time is needed. The
to numerous new direct diagnostic techniques. More interesgalculated transitions are dressed, not with a Lorentzian as
ing for the design and optimization of next generation fusionusual, but with the appropriate frequency dependent func-
experiments and burning plasmas is the possibility of quantion.
tifying radiation effects on edge plasma transport.

APPENDIX B: ELECTRIC-ION MICROFIELD
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specieso carry chargeZ e. Here,e is the magnitude of the An important quantity is the second moment of the distribu-
elementary charge and tt#s are positive and zero for a tion [41]
neutral radiator. As usual, the electron screening is described amnT "
by the Debye-Hakel formula[38]. This is justified only for (E-E)= : 'sz Z,C f re kg, (r)dr, (B7)
weak electron-electron and electron-ion coupling and nonde-
generate electrons. The system is therefore described by clas-
sical equilibrium statistical mechanics with a radiator plus  Where g,(r) and ¢, denote the radial distributiotRDF)
ions at temperaturd, . around the radlator and relative abundance of specja®-

In the thermodynamic limit, wherdl—o in such a way SPectively. L _
that the ion number density; is constant, the system is | N€ APEX approximation[41,42 can be derived from a
isotropic and setting = | €| yields the following distribution ~'€normalized cluster expansion, which maximizes the

of the electric field magnitudgs9.40): independent-particle contribution relative to the Baranger-
9 E39.40 Mozer serie$43]. TheAPEX method has been described pre-
P(e)=4me?(8(e—E)) (Blg  Viously and only the main results are quoted. The initial step

is to introduce effective single particles with adjustable pa-

2e (= rameters a,},

=—f A sin(he)T(N)d\, (B1b)
mJo At a,
ex(ry=z2,er—— e—%r (B8a)
with characteristic function given by r?

T(N)=(exgix-E}), (B2) =Z,erF (1), (B8b)
where the bracket$ . ..) denote an equilibrium ensemble an equation which defineg,(r). Then the characteristic
average over the ions. function for the effective independent particles becomes

The potential energy is given by a sum of pairwise addi- ()
tive electron-screened ion-ion interactions, T apex(N) = exp[47m S ¢ f ; gg(r) 0
N o

V=R o)t & M1l (B9 ><<jo[xz<,eF(,(r>]—1>dr] ®9

where the first term describes the interaction of the radiator
with the N perturbing ions and the second, the interaction
among theN perturbers. The assumed interaction has th
form,

making theaPEX result the first term in a renormalized clus-
éer expansiori43]. The adjustable parametefs,,} are cho-
sen to satisfy the second moment r{dd],

—ker

zkgfo re ke'g (r)dr.
(B10)

o T
2 —
U =Z,Z;e? (B4) for 9oDTOF,(Mdr=>—"
wherek2 47n.e%T, is the inverse Debye length, with,
and T, as the electron number density and temperature, re
spectlvely The total electric field is given by the sum of
electron-screened single-ion contributions,

Hence, the RDF’s provide a scheme for evaluating the mi-
crofield distribution.

Spectral line broadening calculations require large field
values of the microfield distribution. While large fields are
not encountered in HDLT plasma hydrogenic spectral line
E=E e, (r) (B5a) shapes, for a complete description of the mi'crofietldz we

j=1 ! briefly comment on our treatment. The large field limit is

given by the nearest neighb@IN) result; that is, for large
fields the distribution is dominated by a single particle at a
= Zoe 2 v o,Yoo, (r(,) (B5b)  short distance from the radiatpt4]. Therefore,

NG P(&)],—.—Pnn(e) =4me?n X, C,
:Z Zgjergjf(rgj), (B50) 7
j=1

XJQU,NN(f)ﬂs—Sg(f)]dr, (B11)

wherer is the unit vector in the direction of and

(1+k.r) where Pyn(g) and g, nn(r) are the microfield distribution
f(r)=——="g ke (86) and RDF for the nearest neighbor to the radiator, respec-
r? tively. Unfortunately, the evaluation @, n(r) is difficult

066413-10



COMPLEX ATOMIC SPECTRAL LINE SHAPES IN TH . . . PHYSICAL REVIEW E 66, 066413 (2002

[45], except within the framework of simplifying approxima- tegral equation approach provides reasonably accurate results
tions. For example, the case of independent ions yield§50]. While HNC calculations are not needed for HDLT plas-

[46,47 mas, for a complete description of the microfield, we briefly
) comment on our treatment. The HNC approximation consists
_ _ Uoglr of dropping the so-called bridge diagrams in the RDF ex-

gU,NN(r)—exp[ T, ]exp| 4 2, ¢, pression, that is,

xjrayzexp{— LIOal(y)}dy . (B12) gij(r):exp{ IJ( )+h|](r) Clj(r)+BIj( )]
0 Ti (B14)

The first exponential factor gives the probability of finding where the HNC approximation assuni¥s)=0. Here,h(r)
an ion of speciegr at a distance; the second exponential s the total correlation function,

factor is the probability that no other ion is within the radius
r. To account for perturber correlations, it is common prac- hij=gij(r)—1 (B15)

tice to replace exp-u(r)/T;} by g(r). Thus, and c(r) the direct correlation function defined by the

Ornstein-Zernike equation,

oa(rlj) Ca'a'( IJ)

PNN(8)247Tni2 C(Tr(zrglr(rlr)exr{ 47Tni2 Cor

Mo de (I’) -1
2 o
<]y %(r)dy] -

. (B13 +n2 Co | Com (TN (Fip) .

o

wheree=27Z_,f(r,) defines the nearest neighbor ragdij,}. (B16)
Finally, we note that the microfield distribution involves  The method of solution is to s&(r)=0 and iterate be-
the sine transform in EqB1b). Unfortunately, this integral tween Eqgs.(B14), (B15), and (B16). The initialization is
becomes numerically unstable for large fields. The problenachieved by first estimating(r) using the analytic fits of
is partially alleviated by using the asymptotic nearest neighPingolet-Held 51]. This provides an improved starting point;
bor microfield distribution result, E§B13). However, under it reduces the number of iterations, compared to other simple
certain conditions, the numerical difficulties begin before thechoices such as the Debye-tkle result. More importantly,
asymptotic limit is reached. it provides robust solutions for the cases of interest here;
To evaluate the sine transform, the new version of thespectroscopically observable bound-bound transitions.
APEX program used a method developed to compute the in- After initialization, the iteration proceeds toward conver-
tegrals of oscillatory functions. The integral in E@®1b) is  gence, which is assumed when the root mean square of the
evaluated over half cycles of the sine function. The Levine deviations of two successive iterations ofr) is small.
transform[48,49 then provides a computationally efficient However, the convergence can be extremely slow. The accel-
method for evaluating the resulting alternating series. eration technique due to N&2] has proven very successful.
As indicated above, the RDF’s are a central ingredient int is found empirically that the Ng acceleration is most robust
the APex formulation of the microfield. For Coulomb and when employed only after every tenth iteration. This detalil,
screened Coulomb systems, the hypernetted di#NC) in-  of course, depends on the nature of the potential.
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