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Collisional excitation rates for an ion immersed in dense electron—ion two-component plasmas are
formulated by taking into account shifts of ionic energy levels due to static and dynamic plasma
perturbations. The theory is based on the equations of motion for density matrices combined with
the statistical theory of plasma density fluctuations. Through separation of the time scales associated
with electron- and ion-density fluctuations, the electron-induced excitation rates are derived, where
energy level shifts arising from quasistatic electric microfields by screened plasma ions as well as
those arising from time-averaged spherical plasma polarization are considered. As a numerical
example, the transition rates among the @hd 2 fine-structure levels of a Né ion in dense
hydrogen plasmas are calculated. It is demonstrated that, at sufficiently high plasma densities, the
ion microfields cause Stark splittings and affect the excitation rates significantly through
modifications of the generalized oscillator strengths.2@4 American Institute of Physics.
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I. INTRODUCTION As a different origin of the energy level shift, we should
also consider the slowly moving plasma ions that produce

In the previous papérwe have studied collisional exci- nonspherical, quasistatic electric microfields at the target ion
tation of a highly charged ion embedded in hot dense plaswithin the time scale of the inelastic collisidh.** Such a
mas relevant to the inertial-confinement-fusion research andescription may be applicable to electron-induced excita-
experiments using high-power lasers. The theory is based dions, because the transitions are caused mainly by rapidly
the density matrix formalism, and describes time evolutiondluctuating electrons and the electric microfield by slowly
of ionic level populations in the presence of plasma densitynoving ions can be regarded as quasistatic during the
fluctuations. When the transition is so weak that first-ordettransition'® As a result, the Stark splitting destroys the ori-
perturbation theory is valid, the theory reduces to the stoentational degeneracies and breaks the sublevels into several
chastic perturbation approdcfi based on the Fermi's closely spaced atomic stat€smoreover, the Stark mixing
Golden Rule: the excitation rate is expressed in terms ofmodifies the generalized oscillator strengths. The importance
Bethe's generalized oscillator strendti@d plasma density of such ion microfield effect was demonstrated by Pétrot
correlation functions(dynamic structure factofs At high ~ who studied the influence of the Stark effect on the electron-
plasma densities, it has been shdwihat the contribution impact excitation cross sections. Murfifdikewise proposed
from low-frequency ion density fluctuations causes strond© incorporate the Stark effect into the stochastic perturbation
coherent excitations which cannot be treated by the pertuformula to study the electron-impact ionization processes in
bation theories. dense plasmas.

In dense plasma environment, bound states of the target [N this paper, we derive a formal expression for the ionic
ion are expected to be modified substantially. The main pu,excitation rates in dense TCP, where the transitions and en-
pose of this paper is to consider the effect of ionic energyerdy level shifts are treated on an equal footing on the basis
level shifts on the excitation rates, which was completelyof the density matrix formalism developed in our previous
neglected in our previous papeElucidation of energy level paper The resultant formula takes a rather complicated
shifts in dense electron—ion two-component plasiT@Ps form, but becomes tractable for electron-induced excitation
offers a difficult problem, because dynamical motions ofWhere the transi;ions due to rapidly fluctuat_ing _electrons and
electrons and ions have significantly different time scales an§nergy level shifts due to slowly fluctuating ions can be
also they are correlated with each other via Coulomb interiréated separately. Numerical examples are given fomthe
action. When viewed in a sufficiently long time scale, the =2 fine-structure transitions( principle quantum numbgr
Coulomb field of the target ion induces spherical polarizatiorP @ N&* ion in a hydrogen plasma.
of the surrounding plasma particles, which in turn produces
thg shift of boupd-state energies. S"ugh plasma polarlzatlon_ EXCITATION RATE FORMULA
shifts were studied by solving the Sclinger equations for

bound electrons in static model potentiafs.° A. General formulation

We consider a hydrogen-like target ion with nuclear
3Electronic mail: kitamura@scphys.kyoto-u.ac.jp chargeZe, immersed in a classical two-component plasma
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consisting of electronécharge numbeZ,=—1, massm,, As long as the transition is weak, we may assume that
number densityn,) and ions(charge numbeg;, massm;, p2s(ts)=~0 andpq4(t,)~1 on the right-hand side of E¢4);
number density;=n./Z;) all at temperaturd. The Hamil-  this procedure is equivalent to the use of first-order pertur-
tonian of the target ion in the time-dependent plasma field idbation theory. The transition rate per unit time,,, may
written as then be calculated in accordance  withwy,
=lim___(d/dt)(po(t)). Thus,
ne _, zé Yo 7Z.e =
H(t):—zm \Y _T_l— 2 ZW—I-V(H) 1 t
e e W= i [ o Vs Var(t)
(1) t_‘ocﬁ 0

Here, the position of the nucleus in the target ion is fixed at it
the origin, andr denotes the position of its bound electron; Xexp{%J dts[Hos(ts) —Hya(t3)]
rj(")(t) is the position of thgth plasma particle of species t
at timet, andN,=n,(}, with () being the volume of the Here, the off-diagonal matrix elements,; andV,,, account
plasma. The interaction between the bound electron and afbr the transition between the two states, while the diagonal
the plasma particles is expressed as elementsH,; andH,,, represent the ionic energy levels for
states|1) and |2), respectively. The values dfi;; and H,,
generally differ from those for an isolated ion in vacuum,
because the ion is perturbed by the surrounding plasma. Such
energy level shifts were ignored in our previous pdpéo.
=> 2 (—Z ) v(k)explik-r)p,(kt), (2)  Proceed further, we decomposKr,t) into statically aver-
o=e, aged part{V(r)) and the fluctuatiorsV(r,t) around the av-
erage, that is,

> +cc. (5

N
7 —Ze

V(r,t) UEEI jzl ( )|

where v(k)=4me?/k? represents the Fourier transform of
the Coulomb potential, andp,(k,t)= E 7 exd—ik V(r,t)=(V(r))+8V(r,1), (6)
-r{?)(t)] is the density-fluctuation operator for the plasta. | .
We now develop a dynamic equation describing the ex-

citation of the target ion from initial staté) to final state?2).

Following Ref. 1, we introduce the density matrix (V(r)>—U§;| E (=Zyv(kexpik-1)(po(K)),
={pmnt (Mn=1,2) for a two-level atom, which obeys the (79
equation of motion, g(t)/dt= (i/%)[ p(t)H(t) = H(t)p(t)].

The population of statfn) at timet is then given byp,,(t). SV(rit)= 2 E (= Z,yv(K)exp(ik-1)Sp,(k.t).

Since the ion is in statfl) att=0, the equation of motion is o=ei
integrated with the initial conditionp,,(0)=1 and p,,(0) (7b)
=p120)=p21(0)=0, to yield Equation(7a) describes the spherically symmetric potential
it arising from average plasma polarizatihwhile Eq. (7b)
pA)= 7 fodtlpzl(tl)Vlz(tl)-*'CC, (3@  accounts for the potential due to time-varying plasma fluc-

tuations and is generally non-spherical in a short time scale.
Equation(5) can then be rewritten as

i [t
p2a(t)= 7 fodtZVZl(tZ)[pZZ(tZ)_Pll(tZ)]

- nmhzf dtzw2 . szle Z,,Z,v (kv (k)
Xexp | dtg[Hox(tg) —Hqy(t . 3b
p{ﬁft sl HzAta) ~Hata)] (3b) x{1]exp(iky-r)[2)(2|explik,-1)|1)
Here, cc stands for the complex conjugate, and the matrix i
elements are defined a&,,(t)=(m|V(r,t)|n) andH(t) X\ 0pq,(K1,1) 5pg,(Ka o)X mkzs dai(ks)
=(m|H(t)|n). By substituting Eq.(3b) into Eq. (38 and
taking the statistical averag&enoted as(---)) over the ta
plasma configurations in thermal equilibrium, we obtain a Xage,i (=Z5y)v(ks) ) dtsdp,(Ks,ta)
formula,
XeX[[iw21(t2—t)]+CC, (8)
1 [t t
<p22(t)>:__2f dtlf 1dt2 VlZ(tl)VZI(tZ) with dzl(k)E<2|eXkaI‘)|2>—(1|exp@kr)|1) Here, the
A% Jo " Jo quantity

X[p2aAty) = p1a(ty)] 1 —#2 Ze? —#2
®21= 5 [<2| _Vz_ _+<V(l’)>|2> (1 _Vz

i (t2
xaqgﬁdQHdh%Hﬂun

>+w

z¢e?
(4) _T+<V(r)>|1>]’ 9
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corresponds to the excitation frequency with inclusion of theslowly fluctuating component associated with the ion mo-

energy level shift due to Eq7a) (plasma polarization shift  tion. Accordingly, we should consider the ion-related part in
Throughout this paper, we assume that both the electronsoth Egs. (108 and (10b) as the origin of the quasistatic

and ions in the plasma can be treated with the classical stalectric microfields.

tistics, and that the plasma is weakly coupled in a sense that In light of the RPA expressiond0), the statistical aver-

the average Coulomb interaction energy does not exceed tlagje may be executed through integrations over the initial

average thermal energy. In such a case, the random-phapesitions and velocities of the non-interacting particles; thus,

approximation(RPA) is applicable to the descriptions of the for a general physical quantify,

Coulomb correlation$.In RPA, one can evoke the “super- 1

position principle,”® in which the system of interacting par- (X)= =W j dr(le)(O)---J drﬁf)(o)f dV(le)Fe(V(le))"'

ticles can be interpreted as a collection of noninteracting Qe ¢

dressedparticles, each wearing a screening cloud around it-

self. The density fluctuation operatofp,(k,t) in TCP can Xf dV&ezFe(V&eg)

thus be expressed ‘as

5, (kt)=§ 6‘(0)(k’k'v'(e))exp{—ik [r®(0)

PelK, = 6(0)(k,k'Vje) ]

N Ok ki) -1 X de&'?Fi(V&'?)X, (14)

+VOt+ Y 7,
=1

><f dr9>(0>---fdrﬂ3<0>fdv9>ﬁ<v9>>-~-

€Ok, k-vi") whereF4(v) andF;(v) designate the Maxwell velocity dis-
tribution functions for the plasma electrons and ions, respec-

—ik-Tr® ()
xexpl—ik-[r7(0)+ VPt (103 ively: F, (v) = (M, /2mksT) ¥ exp(-mo22ksT).
Nig €Ok k- vi®)—1 Equation(8) in conjunction with Eqs(10) provide the
5pi(k,t)=2 = Ie(o)(k k~lv-e) exp[—ik.[r](e)(O) general expression for the excitation rate. We remark in Eq.

=14 Y (8) that the termdp,, (ki,t)dps,(Ka tp) is related to the

Ne €Ok, k-viV) excitation, while the following exponential factor accounts
+Vj(e)t]}+ 21 Ok k-v-J' ) for the energy .Ievel shifts. Thgse two factqrs_ are mutually

! o correlated, so rigorous evaluation of the statistical average in
><exp[—ik-[r}i)(0)+vj(i)t]}. (10p  Eq. (8) would require numerical computations involving

(o) (o) o . multidimensional integrations. In this paper, we rather con-
Here,r;”’(0) andv;™ refer to the initial position and veloc- fine ourselves to the study of a specific case, namely, the
ity, respectively, of thgth noninteracting particle of species gjectron-induced excitation in the presence of a quasistatic

o. The function ion microfield; a simplification of Eq(8) is possible in this
2 case, as we shall discuss in the next subsection.
Ok 1 kUW wl g 11
=14+ —
60( :w) k2 k/ko. ( )
B. Electron-induced excitation rate with quasistatic
represents the wave numbek){ and frequency(w)-  ion microfield
dependent dielectric response function for noninteracting H & ; h itation induced by th
particles of speciess, w,=4m(Z,€)n,/m, and k, ereafter, we focus on the excitation induced by the

electron-density fluctuations; hence, only the term with
=o,=e is retained in Eq(8).
We treat the transitions and energy level shifts indepen-

=\4m(Z,e)’n,/kgT are the plasma frequency and the De-
bye wave number, respectively,

X2\ [x y? dently by neglecting their mutual correlation:
W(x)=1-xex —5 dy ex >
0 i
| \/; 2 , <5Pe(k1,t)5pe(k2at2)e>(p<m% dai(Ks)
+i Exex ey (12 L
X A k dt30p,.(Ks,t
is theW function, and a3§=:e,i( 73V a)ft 20Paylk 3)]>
Oy =1+ S| 20|y @l 13 Spa(ky,t) Spa(k 'S dyik
eV (kw)=1+7 Wie ) TieM ik (13 ~(Ipe(ky,t) Spe(ka,ta))( €x 0 £ 21(K3)

is the total dielectric function of the TCP. ty

The characteristic time scale of electron-density fluctua- X >, (—203)v(k3)f dtsb‘Pog(ks,ta)] > (15
tions is expected to be much smaller than that of the ion- 73=el ‘
density fluctuations, because of the large difference in th&he above decoupling may be valid if the factor
electron and ion masses. In dense TCP, however, these fluépg(k,t) dpo(ks,t,) is dominated by rapid fluctuations of
tuations cannot be separated owing to the electron—ion cothe electrons and the subsequent exponential factor is domi-
relation and, as indicated in EQLO@, Sp.(k,t) involves the  nated by slow fluctuations of the ions. The merit of approxi-
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mation (15) is that it enables us to isolate the density corre- t N
lation function, which can be evaluated explicitly as dtgexp(—|k3 Vi jts) =t t. (200

(Ope(ky,t) 8pe(kz,t2)) = Ok, +k,0F edKa 2= 1), with

1 Physically, Eq(203 is equivalent to neglecting the electron-
Fedkita=1)= 5 (dpe( =K, 1) dpelkit2)) impact broadening of the bound state levVéIE while Eq.
(20b) corresponds to the quasistatic approximation for the
3 © |9k k- v()|? ion microfield.
=N | dvOF(v(® )| (05(k K- 5)| To check the validity of Egs(20), let us estimate the
) approximate value of,,, through formula(18). First, we
xex —ik-v(t,—1)] notice that for typical allowed transitions, the generalized

| (0)(k'k'v(i))_1|2 oscillator strength is almost constant fkay<<1 and van-
OIDRONE: ishes rapidly forka,>1.° Second, it has been knoWrthat
€k k-vI)] Fodk t,—t) =g exp—[(L—to{®/6]2k2]} for a one-
xexd —ik-vi(t,—1)], (16) component system of ideal-gas electrohsHere, vE,f,’)
=3kgT/m, refers to the thermal velocity of the electrons
(o0=e) and ions @=i), respectively. These observations
lead us to an approximate expressiom,q(t,—1)
~ [ d(kap)exd — a?(kap)?], with a=|t,—t|v{//6a,. This
integral is equal to unity fore=0 and diminishes agm/2«
for a>1. We thus find that the value & ,,(t,—t) reaches
i Nog —Z,0(ks) 5 of the initial value whenw~8, which corresponds tfi,
X ﬁQZ doa(ks) 2 2 W —t|~20a,/v{d ; when the latter value is adopted foy.y,

o3=g,i jz3=1 €

+ niJ dviOF;(v))z?

being the intermediate scattering functidiThen, the tran-
sition rate can be expressed compactly as
2

2wg
Wp1= lim—= 7 fdtzDzl(tz t)

t—oo

we estimate thatks-v{)ty,|~200{)/v{)~0.5<1 and |k
L v(?tmax] ~20>1 for hydrogen plasmas. Here, we have
xf dts exp:—ik3~(r§”3)(0)+vf”3)t3)] adoptedks~ 1/a,, for which the functiond,,(k3) takes on
t : ° the largest value. Validity of Eq$20) has thereby been in-
. dicated.
Xexfdiwy(t,—t)]+cc. (17) We remark, however, that the functidy,(t,—t) con-
Here the dimensionless function sists of both electron and ion terms, as indicated by([E).
B . 5 The above argument may be valid as long as the electron-
Dot _I)EJ d(k [(2lexp(ik-1)[1)] related term makes a dominant contribution to the excitation
2z (kap)* rate. The ion-related term in E(L6) plays a role for transi-
tions between closely spaced levels at high plasma densities,
Xi,: dK,t,—t) (19 ~ as we shall see later in Sec. llIC and also shown in the
e 1t2 . . . . .
previous papers®. For this ion-related contribution, dynami-
cal effects beyond Eq20b) would come into play in the
level shift; moreover, the corresponding transitions and level
shifts cannot be treated independently, becausd 15y .may
also break down. These are the problems beyond the scope

represents the density correlation function integrated &ver
with the weight of the angular-averaged generalized oscilla~
tor strength,

[(2|exp(ik-r)|1)|? of the present work.
(Kag)?2 In this way, we arrive at a formula of electron-induced
2 Kr)|D)? excitation rate,
2|lexplik-r)|1
——f d cosH)J' de < (Fliao) ) , (19
W= lim Evk)ZZex ik-r)|1)]?

where the angle® and ¢ specify the direction ok in the 2 Hoﬁz Q | Fl2lexd Dl
spherical coordinatesi;=ag/Z with ag being the Bohr ra- .
dius. . xf di,Fedk,to—1t)

We note that the functioB®,,(t,—1t) generally decays to 0

zero for sufficiently large value oft,—t|; let t,., be the
corresponding decay time. If an equalitis- v(')tma>J<1

<|kz-v e>tma4 holds for thets-integration on the nght hand

side of Eq (17), the following simplified treatments may be
applicable, as a first approximation, to the electron- and ion-

X(eX[{i(w21+Aw21)(t2—t)]>+CC

2
= 70 > I 2lexdik-n|)P?

induced energy level shifts: X(Sed k, w1+ Awzy)) (21
ftzdts eXF(_ikg'VJ(e)tg)%O, (203 with the energy level shift due to the ion microfield being
3 taken into account through
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1 Once the dependence @) on the ion velocity(" is
Awy=7[(2|®()|2)—(1[@(n)[1)], (22)  eliminated by replacing©(k,k-v{") by its suitable static
counterpart as shown in Eq®6), we can introduce the dis-
—Zw(k) . tribution functionP(€) of field strength¥"!8 according to
<I>(r)=j21 2 mexmk (r—r{(0))1. )
23) P(&)=4mE% J dr{’(0)- - f dr(0)
The quantity S;d{k,w) is the electron—electron dynamical
structure factor in the RPA’ X E=VD(0)/el], (28)
1 (= which satisfies/ ;dEP(£)=1. This function plays a central
see(k,w)zz_f dtF.dk,t)expiwt) role in line-broadening theories of plasn4s® The field
) strength in a plasma is measured by the Holtsmark’s charac-
|6i(0)(k )2 teristic field strengtt? defined through
T €K, w)] See (k) _(8m\Pze
o=\25] Z2 (29
2|6((50)(k:w)_1|2 (0)
+Z WS" (k,w), (24 with a=(3Z/47n,)? being the ion-sphere radius. It has
. ’ been knowh*8that P(£) exhibits a single broad peak &t
with =1.65, in the weak-coupling limil'=(Z;e)?/aksT—0; the
peak becomes sharper Bdncreases, and the peak position
SO (K, )= 1 /2 TR exp( 2kBTk2> (25) s located at=&, for I'=0.5.*In terms ofP(£), we obtain

the final expression for the excitation rate,

It is clear thatd(r) describes the interaction of the bound " o
electron with the quasistatic electric microfield produced by W21:J dgp(g)z_E |v(k)|2|(2|exp(ik-r)|1)|2
N; ions located at{’(0) (j=1,--,N;), andAw,; represents 0 A7 &
the resultgnt shift of the exmtapon frgquency. It (losS notable X Sed K, w1+ A wyy(€)]
that @(r) involves the total dielectric functione™™’(k,k
-vi"), which accounts for the screening of the ion mi- we [~ [(2]exp(ik-r)|1)|?
crofield. This does not necessarily mean that both electrons - fo ng(g)T fo d(kap) (kag)?
and ions actually participate in the screening, because the

efficiency of screening depends on the magnitudekof We
v It follows from Eg.(11) thaf® Xn_eseé{k"”Zl”LA“’Zl(g)]' (30
€Ok, k-vi?) We summarize the salient feature in E80) below. The
1, for kvi)s o> o, (263 electron-lnduceq transition rate is governed by the electron—
] ' electron dynamical structure factor of the plasma evaluated
~{ €Q(k,0), for we>k'v§')>wi, (26b)  at the frequency equal to the transition frequency between
€©(k,0), for 0> wi>k-vl(i) _ (260) the initial and final states. This transition frequency involves

the level shift due to average plasma polarization and that

Owing to the factord,y(k) in Eq. (17), thek value close to  due to quasistatic electric microfield of the ions; the latter
ao gives the dominant contribution to the energy level shift;contribution,Aw,;, depends on the magnitudeof instan-
it may also be reasonable to assume tlfatav('). Then, it taneous electric field at the position of the target ion during
turns out thatk- v(') is virtually independent of the plasma the transition. Average overis taken at the final stage of the
densities. On the other hand, and w; are increasing func- calculation with the aid of the distribution functioR(&).
tions of the plasma densities. Consequently, at fixed temper#&ormula (30) embodies the concept of the microfield sto-
ture, Eq.(26a tends to be satisfied at relatively low densities chastic model proposed by Murillg.
while Eq.(26c) may be realized at fairly high densities.

For tightly bound states, the electric microfield varies
only slightly within the spatial dimension<a,) of the elec-

tron orbitals in the target ion. Therefore, it is reasonstie lll. NUMERICAL EXAMPLES

expand®(r) as ®(r)~P(0)+r-VP(0) in Eq. (22); the In this section, the effect of energy levels shifts on the
leading monopole term does not contributeMi@,;, and we  glectron-induced &, —2p3, and 2y, —2pg,  fine-
have structure transitions of a N& ion (Z=10) in hydrogen plas-
1 mas ¢;=1) is investigated as a concrete example. The
Aw21(5)=%[(2|e8-r|2)—(1|e8-r|1)], (27)  plasma temperature is fixed &T=2340 eV; the plasma

density n, is varied from 18° to 10?® cm 2. Even at the
with €=V ®(0)/e describing the local electric field at the highest density, the Coulomb coupling paramdteof the
position of the target ion. Equatig@7) thus gives the energy plasmd remains smaller than unity(= 0.03) so that the use
level shift due to the linear Stark effex®%° of RPA is valid.
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A. Stark effect —————————
I kgT=340eV

To obtain the energy eigenvalues and eigenfunctions for e—¢
=<0

the fine-structure levels of a hydrogen-like ion under a con-
stant electric field€, we follow the earlier calculation by
Luders® based on the degenerate state perturbation theory. 0

When £=0, we have four relevant states, each of which is N
doubly degenerate: %
on
|2pg2,M=*3/2)=|2 1+1)|+1/2), (313 5

S i

12pga, M= =172 = /Y2 1+ 1)| 7 1/2) Stark + PS LN, ]

......... Stark A=1/48
+VZ210|=1/2), (31b)
_2 1 1
20 21 22 23

12pya. M= =12 =22 1+ 1)| 7 1/2) 2
log n.(cm 7)

1
—V3/210|*=1/2), 31c¢
\/;| 0>| > ( ) FIG. 1. Energy eigenvalues for time=2 Stark components of a Rigion in
— + _ 4 a hydrogen TCP okgT=2340 eV, plotted against plasma densify &, is
|281/2’ M=z 1/2> |2 0 0>| - 1/2>' (310 assumed. The solid and dotted curves represent the results with and without

Here,M designates the total magnetic quantum number; th%}(‘zg':f;?opo'aﬁzaﬁon shifig9), respectively. The energy of sta@ is
eigenkets on the right-hand side should be interpreted as '
[nIm)|mg), wheren, |, m are the principal, azimuthal, and

magnetic quantum numbers, respectivety; specifies the

component of the electron spin. The energy of stéBds) |i)=C2i[2p32,M = £ 1/2) + C;|2py/p,M = + 1/2)

and (31b) lies above that of state€81c and (31d) by an )

amount, (1/16)°Z*Ry (=0.45 eV), with Ry=e?/2ag and +C4if281,M=£1/2) (i=U,M,L), (343
a being the fine-structure constant; this corresponds to the 0)=|2pap, M= %3/2), (34b)

field-free fine-structure splittin The tiny splitting between - _
2s,, and 2y, states due to Lamb shiftis neglected here. Where the coefficients are given by

When the electric field is applied, the energy of state \/EA VA
(313 remains unchanged; let us denote this unshifted state c,=— ——=¢C4j, C3i=—-——Cy;i,
simply as|0) and fix its energy at zero. The remaining three & i+§.
states(31b—(31d) are mixed together to form three Stark 16~
components, which will be denoted [a$) (upper statg |M) BA2 3A2 Y (35
(middle statg and |L) (lower stat¢z The corresponding Cy4i= —2—+l—2+1 (i=U,M,L).

eigenenergieséy, &y, and &, measured in units of i
a?Z*Ry, are obtained through solutions to the secular
equation?’ In the limit of A—0, where &,=£,=0 and &y

3, 1.2, 1 a2\ A0 (i =¢ =-1/16, the values of the mixing coef-
§i+s§i+(256 9A )§| sA =0 ('_U’M’L)’ (32) ficients are ¢2U,03U,C4U)=(—1,0,0), (C2M103M104M)

IR

where I(O,l/\fZ,lf\/f), (C2|_,C3|_,C4L):(O,_l/\/2,1/\f2). In the
" ) limit of strong field, A—<, the corresponding values are
A= 80 :( 8_7T> °Zi |27 L (33 (C20.Cou.Can)=(~1INV31NB,142),  (Com .Com:Cam)
aZ"Ry |25 a2\ a) & =(1W3,4213,0), €z ,CaL ,Ca.) = (1INV3,— 1/\/6,1V2).

The generalized oscillator strengths which enter (B86)
gan be explicitly calculated by using the hydrogenic wave
hfunctions?1 as explained briefly in the Appendix. They are
expressed in terms of the mixing coefficie(®$) as

is the dimensionless electric field strength. The valuéof
increases as the plasma density increases. It follows from t
third term on the left-hand side of E2) that the condition
A<1/48 provides the criterion of the weak-field regime

where the magnitude of Stark splitting is small compared [(ilexp(ik-r)[j)|? K2 (K2—1)2
with the field-free fine-structure splitting; the strong-field re- K2 = @ (KZ+1)8 + Bij (KZ+1)8
gime corresponds to the case wih-1/48.
The energy eigenvalues of the four sublevels calculated (i,j=U,M,L), (363

for £= &, [EQ. (28)] are shown by the dotted curves in Fig. 1. i — 5 ) )
The crossover from weak- to strong-field regime occurs at [(Ofexplik-r)[j)[* K n (K*-1)
ne=2.1x 107 cm™ 3. K? ~ Y0 (KZr1)B Poy (K?+1)8
Because of the Stark mixing, the corresponding eigen- (1=UM.L) (36b)
functions are expressed as linear combinations of the unper- J el
turbed eigenfunction§31b)—(31d as with K=ka,, and
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S[CZICZJ ‘/_(CZ|C3J+C3|CZJ)] +4C4|C4] 1 ' '
kpT=340eV
+ 15 2V2(C5iCpj — C3iC3j) + C2iC3j + C3iCy; 1%,
(37a) _
__ 4 _ 2 8 2 E
o= g(\/ZCZj C3j) + §(C2j +\/2C3j) , (37b) a
1l
= 0.5
Bij =3[ — V6(CaiCaj+ CaiCoj) +V3(CaiCaj + CaiCsy) 12 S
1 2 5
+2 E(C4i02j_02ic4j)+c4ic3j_C3iC4j , (379
Boj=3¢5;. (370 - .
In Egs. (36), the first term on the right-hand side involving 020 2'1 2'2 >3
a@jj Or ag; vanishes in the limit oK —0 and corresponds to 3
the quadrupole transition, while the second term involving log n(cm )

ﬁij or_ I.BOJ'.'S_ finite atk =0 and describes the d_|po!e-allowed FIG. 2. Electron-induced excitation rate,_s, -y, for a N€™ ion in a
transition; it turns out that the latter contribution to the yyyrogen TCP okeT=340 eV. Solid and dotted curves correspond to the

excitation rate is larger than the former by two orders Ofcases witie=&, and€=0, respectively. The excitation rates are normalized

magnitude. by the low-density valuew,=1.33x10 8 n,(cm 3)] s L.

B. Polarization shift Even at the highest plasma density=10?> cm 3, the De-

bye length is fairly large D/ay;=58) so that then=2 sub-
levels are virtually unaffecte¥It may not be necessary to
consider the corresponding modification to the wave func-
tions for such a weak perturbation. More advanced treat-
fnents of the polarization shifts would be required for
éhallow bound states and/or strongly coupled plasmas
with ['>14510

In addition to the Stark splitting treated in the previous
subsection, the energy levels are further modified through th
plasma polarization shift arising from Ed7a. Here, the
induced plasma density ,(k)) on the right-hand side of Eq.
(79 is evaluated simply through the linear response o
plasma electrons and ions against the Coulomb field of th
target ion’ Thus, (V(r))=—(Z€?/r)[exp(—r/D)—1], with
D=[4me’n./kgT+4m(Zi€)’n; IkgT] Y2 representing the
Debye screening lengthAs long asD>a,, (V(r)) can be
regarded as a small perturbation to the bound-state electron, By using Eg.(30), we have computed the electron-
and it may also be expanded aéV(r))~Ze’/D induced excitation ratesv; for the following transitions:
—Z€*r/2D? inside the target ion. Thus, the level shift for [M)—|U), |L)—|U) |M>—>|O> and [L)—|0). As ex-

C. Numerical results

state|i) (i=U,0M,L) may be evaluated as plained in the previous subsections, the excitation frequen-
762 7&2 cies which enter Eq30) are evaluated as
AEP=(i(V(N)li) =5~ 552(ilrli) 227 2 "
wij T Aw;j(&)= —— 5 (&~ &) T Awj
(i=U,0M,L). (39) B
(i,j=U,0M,L). (40)

The termZe?/D on the right-hand side produces equal level
shifts for all the bound states; it does not affect the excitationn Fig. 2, we plot the total excitation rate of the above four
energies of bound—bound transitions, and hence, it can beansitions, Wj_ 35 ;- 1,=Wyym+Wou+Wy +Wo_ . In the
neglected in this study. With the aid of E¢84), we find that  Jow-density limit, where the electric microfield is negligible
the frequency of thdj)—|i) transition is modified by an (A—0), the coefficients37) becomeay= ay = 14/15,

amount aom=aoL.=2,  Bum=PuL=PBom=Po=3/2;  hence,

1 Wj_323-12 approaches the limiting valuew,=1.33
Awﬁ-OIE%(AEFOI—AEFOI)=——(C4| c4])( ) Z?Ry X 10 ¥ ng(cm )]s %, which corresponds to the sum of
251, 2p3;p and P— 2p3p transition rates. This expres-

(i,j=U,M,L), (399  sion forw, can be obtained directly from E@30) by ne-

glecting the level shifts altogether and settiﬁ))(k,w)

=eO(k,0)=eO(k,w)=1. We remark that the 9,

—2P3p transitison is dip30|e allowed, so that the transition

. rate, 1.3 10" 8 n(cm 3)] s %, dominates bulk ofv,; the
(J=U.M.L). (39D contribution of the quadrupole @3,,—2p5, transition is

The Stark components modified by those plasma polarsmaller by two orders of magnitude.
ization shifts are indicated by the solid curves in Fig. 1. We  In the density range P8<n,(cm 3)<10?!, we observe
find that the effect of the polarization shifts is insignificant. that the transition rate decreases comparedvgoas the

1 1 2
Awf'= - (AER-AEP) =+ c4J(DO) Z2Ry
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03———— — — the relative importance of the dipole transition is reduced and
kpT=340eV | the resultant transition rates may not be so sensitive to the
T ion-related term.

We also note in Fig. 3 that in the low-density limif (
—0), the four transition rates are nearly the same, because
the level shifts are negligibly small and the strengths of the
allowed transition are the same, i.€8ym= BuL= Bom
= PBoL -

In the numerical results shown in Figs. 1-3, the Stark
effect was calculated at a particular field strengts,&,. To
be more precise, we have to compute the transition rates for
various values of and to take an average owewith the aid
of the distribution functiorP(&) defined in Eq(28). Perrot!
carried out such procedure for dense neon plasmas, at
=1.09x 10°* cm™ 2 by using the Monte Carlo data &f(&)

3 for one-component plasmas. The resultant values of the ex-
log n(cm °) citation rates were close to those computed=at,.

To evaluateP(¢), it is necessary to estimate the dielec-
tric response function based on the arguments following Egs.
(26). For the numerical examples treated above, we find that
the unscreened condition, E@63), is satisfied fom.<1.1
plasma density increases. This manifests the effect of dyx10?* cm™3, which covers the entire density range exhib-
namical screening described by the dielectric functions irited in Figs. 1-3. The electron-screening regime, ¢b),

Eq. (24). is predicted for higher densities such as 1074

The effect of energy level shifts on the excitation rate<ng(cm 3)<2.0x 107",
emerges at higher densities,>10?* cm 3. When the en-
ergy level .ShlftS are neglected, the excrtatlon_ rate starts t?\/. CONCLUDING REMARKS
increase divergently as, exceeds about #0cm 3. As re-
ported previously;® the origin of this divergence can be at- The collisional excitation rates of an ion immersed in
tributed to an increasing contribution from the the dense electron—ion TCP have been formulated through the
S{9-related term on the right-hand side of Eg4); this ion-  time evolution equations of density matrices in a potential
related term physically represents the low-frequency densitproduced by the dynamical motions of plasma particles. The
fluctuation produced by the electrons comoving with theeffect of energy level shifts in the target ion has been taken
ions. It was mentioned in Ref. 1 that first-order perturbationinto consideration. Both the transition matrix elements and
theory is no longer valid in this regime since the excitationenergy level shifts depend explicitly on the plasma density
rate is too large. When the level shifts due to the quasistatifiuctuation operators. By adopting the RPA, these operators
electric microfield are included, however, the excitation ratehave been expressed in terms of the coordinates and veloci-
is significantly suppressed and the divergent increase nties of the noninteracting dressed particles, where the cross
longer appears, as illustrated by the solid curve in Fig. 2. term accounting for the electron—ion coupling has been

To elucidate the reason for the reduction of the excitatiorproperly retained.
rates at high densities, we plot in Fig. 3 the individual con-  Specifically, we have studied the electron-induced exci-
tributionswyy , Wom , Wy, andwg, separately. We observe tation, for which rapidly varying electron-density fluctua-
that the decrease af,, andwy,_ are particularly notable. tions have been decoupled from slowly varying ion-density
For these transitions, the contributions of the dipole-allowedluctuations through comparison of the respective time
transition vanish By, BuL—0) in the limit of the strong scales. As the simplest approximation, the electron-impact
microfield (A— ). Therefore, we conclude that the suppres-line-broadening effect has been neglected, while the energy
sion of the transition rates is due to a mixing of the forbiddenlevel shift due to the electric microfield produced by the
and allowed transitions as a result of the Stark mixing. Suscreened ions has been properly taken into account within
pression of the transitions betweer=2 sublevels due to the quasistatic approximation. For a concrete example, we
Stark effect was reported earlier by Pettdhrough calcula- have computed the excitation rates among rhe2 fine-
tions of the inelastic collision cross sections in dense neostructure levels of a hydrogen-like neon ion immersed in
plasmas within the Born approximation. hydrogen plasmas. It has been demonstrated that excitation

The results shown in Figs. 2 and 3 may contain an errorates are considerably suppressed when the electric mi-
at high densities due to our use of the decoupling approxierofield is taken into account, because the allowed and for-
mation (15 and quasistatic approximatio20b) for the  bidden transitions are mixed through the Stark effect. It has
above-mentioned ion-related term. It should be noted, howbeen shown that the energy level shift arising from the aver-
ever, that theS(iO)-related term in Eq(24) is negligible for  age polarization of the plasma plays a minor role.
quadrupole transition$.Since substantial mixing of dipole Since the fine-structure levels are closely spaced, the
and quadrupole transitions occurs through the Stark effectransition rates are influenced by the slow electrons co-

Wii/Wo

FIG. 3. Individual contributions tev;_3,;-1/,, shown in Fig. 2 for€=¢&,.
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moving with the ions when the plasma density becomes sufeonditions contribute to the sunt:+1+1’=even, || —1 ’|
ficiently high. For these ion-related contributions, it would <L <|I+1’|, and M=m—m’. The transition matrix ele-
be inappropriate to treat the corresponding transitions anghents can thus be calculated as
energy level shifts separately, and a dynamical description of

; 2
the microfield would also be required. To achieve these e”di’zmexm k-r)|200 = ﬂsin gexp—ig)K

direct evaluation of Eq(8) would be desirable. Finally, since V2 (1+K2)*
the line shift and broadening are central issues in plasma (Ada)
spectroscopyf progress in that field would be beneficial to 1—K?2
deeper understandings of the interplay between collisiona|210exp(ik-r)|200) = —3i(cos€)KuTKz)—, (A4b)
excitation and energy level shifts in dense plasmas.
(211 exp(ik-r)|211)
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APPENDIX: DERIVATION OF EQS. (36) _ T_KﬂJrz(l_g ol 9)1TKK2_’ (Add)
In order to evaluate the generalized oscillator strengths ( ) ( )
(19), we make use of the relatih _ 1-K? K2
(200 exp(ik-r)|200 = (1+K2)4—2(1+K2)4, (Ade)

(nImlexp(ik-r)[n’I"m’)
with K=ka,. Equations(A4) in conjunction with Eqs(31)

o L
=Jar> > ityx,, (k)" and (34) produce Eqs(36).
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