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Single-integral expressions for electron cyclotron
damping, relativistically and with an arbitrary
distribution function
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The relativistic expressions for the dielectric-tensor elements can be expressed
as a double integral over both parallel and perpendicular momenta. The anti-
Hermitian (damping) parts can be integrated over a delta function for either
one of these two momenta, leaving a single integral over the other momentum
variable. We review these expressions for either integration option, and
compare them with statements in the literature. We give the limits on the
remaining integral explicitly, for all positive or negative values of the parallel
refractive index, whose magnitude can be less or greater than one. This single-
integral form can be applied to electron cyclotron harmonic damping for any
distorted electron momentum distribution function. As an example, we recover
the results for a Maxwellian distribution. We also provide approximate results
when the distribution function can be taken as a Maxwellian only in the
perpendicular-momentum direction. A computer program will be written for a
distribution function subjected to distortion by both electron cyclotron and
lower-hybrid waves.

1. Introduction

Tokamak machines for fusion energy will require electromagnetic (EM) power
to heat and drive current in the plasma. Such EM sources include electron
cyclotron (EC) and lower-hybrid (LLH) waves. These two EM sources are used
for example in the experimental Tokamak de Varennes (TdeV) machine (Coté
et al. 1998). Lower-hybrid current-drive (LHCD) systems distort the electron
distribution function to yield the characteristic plateau region in the tail of the
distribution. Upon combining the LHCD and EC systems, the distribution
function is further distorted in both the parallel- and perpendicular-momentum
directions. Figure 1 shows an example for TdeV of computed contours in
momentum space of a highly distorted non-Maxwellian electron distribution,
subjected to both LH and EC high-power waves (v & 2w,), including trapping
effects (Shoucri et al. 1997).

For the EC wave, we apply a ray-tracing code (Le Clair et al. 1997), which
uses a relativistic formulation for both the real and imaginary parts of the
dielectric tensor elements, corresponding to ray tracing and absorption. The
dielectric-tensor elements are calculated for the mildly relativistic case using a
Maxwellian distribution in momentum space involving the Shkarofsky (1966,
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Figure 1. Contour plot of the distribution function for combined electron cyclotron and
lower-hybrid power inputs, as derived from a Fokker—Planck calculation in Shoucri et al.
(1997).

1986) functions. As can be seen from Fig. 1, the use of a Maxwellian distribution
may be inaccurate, especially for the calculation of damping, which can be
affected by the form of the distribution function outside the bulk.

Here we review the expressions for the anti-Hermitian parts of the dielectric-
tensor elements, which provide the damping of an EC wave whose frequency is
close to an nth harmonic of the cyclotron resonance frequency for arbitrary
distribution functions.

2. General expressions

The relativistically correct expressions for the dielectric-tensor elements ¢;; are
given for example in Befeki (1966):

w? n z  Nw
=|+272 dz,dz, 22 VU s e 1
Rl B R (e A
where
_Pp _ky e
,dHL:#, anLZ H(;)L ')/ _1+4H+4l,

Va=TV. Tu=—Wl V,=dail,
Va=TWhe Vu=—Tln Vyu=alhl

L A A A A
i e T @
= w7 (3b)
w,
U= y%‘fl+n (ZL aé;f 2| 6(1{) (4a)
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af nw, of of

=y———z, =——z =] 4b

W=y 0z, wz, (ZL 0 “l 0z, (4b)

Here f = f(z,z,) is the electron distribution, and is normalized so that f = f, tua1
(me)® and 27 [ fd*z = 1.
The damping arises from the resonance in (1), namely at

res ’i’LLt)c
Y = HH ZH +7 (5)
Then in (3a), a = 1 and
2 res nw, Of af \'es
Ures = “Lw = ¢c_J e .
(z W) ( " 5ZL+n” Z, 62) (6)

We have the option of first integrating over either the z, or the z direction. The
two options are done respectively in Secs 3 and 4.

3. Integration first over the perpendicular direction

We are interested in damping close to an nth cyclotron harmonic w = nw,, with
n = 1. All the expressions below for the anti-Hermitian dielectric-tensor
elements ¢f; are to be understood to be summed over all such positive n values
of concern, although we focus our attention on a specific n.

3.1. Case of 1 >n; >00r —1 <n; <0
Solving (5) at the resonance singularity for z, yields

2%z = [(1=nf) (z)—72)) (2] —2) "2, (7)
where
+ M nw0+(nﬁ_1+"2‘“§/w2)1/2
= L=nf o — |1 —mnj| (8)

We have zj <z <zf and nj—1+n’w;/w*>0. Then the anti-Hermitian
dielectric-tensor elements become equal to
P +
o 0y [ .
e(l R 1/2772_17 ) dZH ZYJ‘_QS [Vl es LYTQS]ZL _ zies. (9)
g

0)2

Here U is given in (6), and the elements of V™ are obtained from (2) and (3a)

with @ = 1, both evaluated at the value of z, = 2|* shown in (7).

3.2. Case of ny>1orny <—1
The resonance singularity in (5) now occurs at

2%z = [(nf—1) (z)—2)) (=2 ', (10)
where
o now, (nﬁ—l—}—n%?/wz)l/z
nf—1 o |nf—1]
Note that (10) is the same as (7) and that (11) is the same as (8). We have
nf—1+n*w;/w® > 0. Now the anti-Hermitian dielectric-tensor elements, for
n; > 1 when z| <z <z, are given by

+ (11)

i

2 (o
w
a _ _ ;92D res res Jrres 9,
€ =—i2m* 5| dz 2" [V U], res, (12a)
() zﬁr

is
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whereas, for ny < —1 when z; <z < zﬁr, we have instead
2 Z

“ = —j2m2 2 dzH SOV U], s, (12b)

w2 =1es

4. Integration first over the parallel direction

4.1. Case of 1 >n; >00r —1 <n; <0

Solving (5) at the resonance singularity for z| yields the following two values,
say 20 and zp*:

n no, | [(1=n7) (27 nax — 211"
1—n v — 1 —n? ’
I I

Zap(z) = (13)

where
(nw./w)*
Zlmax = 1inﬁ —1, (14)
with z; <z, and 2, > 0 or nf —1+7*w;/w* = 0. Then the anti-Hermitian
dielectric-tensor elements are given by

(1)2 21 max dz 22
@ — _ ;972D L1 \res [res| o \/res [res res
e M= W) @ =)L e F VO )
(15)
Here U™ is given by (6), and the matrix elements of V' are obtained from (2)
and (3a) with @ = 1. Both are evaluated, and their product is summed over the
two values of z| shown in (13).

4.2. Case of ny>10rny <—1

The resonance singularity in (5) now occurs at

2 \11/2
res (. | = _7\\%+[("ﬁ—1) (zpt+2)1 16
Za,b(ZL) - nﬁ—l w nﬁ—l » ( )
where
,  (nw,/0)?
2 - ¢ 7 1. 17
“ nf—1 + (17
Then the anti-Hermitian dielectric-tensor elements for n > 1 are
w? dz, 2>
- _ 2 J 1 ~Ll Vrcs Urcs  res 18
= J (F D) e b (s
whereas for ny <—1 they are
w? dz, 2>
= —i27? 2 L74 \/res [res es 18b
127 2] nH 2k+22l)]1/2[ ]z‘ z » ( )

5. Expressions in the literature

Bornatici et al. (1990) give (9) in their equation (B 1). However instead of (12a)
r (12b), they state that for n} > 1, the z; integration extends over the two

intervals (—o0,z]) and (z], 00), rather than over one of these, depending on

whether n is negative or positive respectively.
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Figure 2. (a) Zeros of (5) form an ellipse in the (z,,z) plane when 1>n%,>0 or
—1 <n; <0. (b) Zeros of (5) form a hyperbola in the (z,,z) plane, starting from z, when
ny > 1. (c) Zeros of (5) form a hyperbola in the (z,,z)) plane, starting from z, when n; < —1,
so that the sign of z; is the same as that of n as |z)| goes to infinity.

Granata and Fidone (1991) also give (9) in their equation (3). Our expression
in (15) appears after their equation (3), where they state that z| is evaluated at
zy. This agrees with our (15) if they mean that one should sum over these two
2 values.

Stix (1992) poses (12a) and (12b) or (18a) and (18b) as a problem, namely that
only one of the two roots is to be used, in contrast to (9) or (15), where both
roots are used. The different situations are illustrated here in Figs 2(a, b and c¢).

6. Example: a relativistic Maxwellian

The following relativistic Maxwellian distribution is taken for example, where
K is a modified Hankel function, 4 = p/[47K,(n)], u = (¢/v,)?, vi =T /m, and y
is given below (1):

Je12) = e OXP(—a) = A exp(—py). (19)
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We expand the Bessel functions in (2) by

& (—1)kgPtat2k(p 4 g+ 2k)!

J ()], () = .
p) (@) kg‘o21’+‘1+2k]c!(p+q+/c)!(p+k)!(q+k)!

(20a)

Note that Granata and Fidone (1991) expand differently. We look at the &f,
element. (See the Appendix for the results for all the elements, which can be
similarly derived.) We perform both types of integration — first for the case
when 1 > |n |, and later for ||| > 1. At the resonance, (5) shows the value of y"**.

Then
ures = MZT”AGXP[—PL(”Z*'H(L,%H’ (20b)
Vl Vl _ Z B(Zilc+2n—2)res’ (200)
k=0
k, c¢\¥rean—2 n*(2k+2n)!
(=1 (%) 228020\ [(k+n)!]? (k+ 2n)! (20d)

First, for nf < 1, (9) yields (see Gradshteyn and Ryzhik 1980, equation 3.383.2),
subject to nf—1+n*w}/w® >0,

Z+
72772A( ) prehmeed” Z B(1—nf) +"J_ dzy(z)— 21 )7 (2] — 2P eI
?

k=0

_; TUN*w?, ﬂ/Q,La)l/zeX w1 —=nt—now,/o) i (—1)*(2k+2n)!
(1 —nd)2 e Ky () 1—n? & 25 kel (ke + ) (k+ 2n)!

kicz k+n—1 n“z‘_l +%2(l)g/(1)2 (2k+2n-1)/4 /,L|7L”| n‘Z(Uz 1/2
% JH? ni Levnaye 1 —n} 1+ w? ’
c
(21)

where I is a modified Bessel function. When nﬁ <l,nw/ox1l,u>1and k=
0 (thatis, (k, v,/w,)? < 1), this reduces to equations (4a) and (18b) in Shkarofsky
(1966).

The same result as in (21) can be also derived from (15). Here we have to

integrate
W - ,\* _ unw,
J {22”2‘4((3’) sy ten] =)

0 szaX 2]c+2n+1 ZZL _ Zi 1/2
— max
-5 e e ()

k=0 ZLH]&,X - ZL
| ( )
+exp| un max
P —n}
~ t
e R e 22)
= "

which again leads (see Gradshteyn and Ryzhik 1980, equation 3.387.1) to (21).
Next for #f > 1, (12a) with limits on the integral from 2| to co, or (12b) with
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limits from —oo to 2|, yields (see Gradshteyn and Ryzhik 1980, equation
3.383.3)

&fy = ZZWQA( ) el Z Bnf = 1" [ dz(z) —2)" " (2 =2 ) et

unrws, (71/2,@)”2eX un—1+nw,./0) i (—1)*(2k+2n)!
w*(nf—1)"2 e Ky(p) ni—1 025 kN (k+n) ! (k+2n)!

kz 02 k+n—1 7L2 -1 +n2w2/w2 (2k+2n+1)/4 ﬂl | nzw2 1/2
X (Iuiwz ) ( nﬁ £ ) Kk+n+1/2 (71 Hl H —1+ .
(23)

The same result as in (23) can be also derived from (18a) or (18b). Here we

have to integrate
gy Mo,
) " P [w(nz —1)

83‘1/{2271 (

o) 2k+2n+1 22 +22 1/2
Z j 1/2e><p[ /LL|71|( lzc) }
k=0 i

tlny|pz), .
szk+2n+1 Jl dt ( )lc+n exp[ _W , (24)

which again leads to (23) (see Gradshteyn and Ryzhik 1980, equation 3.387.3).
In the limit when the arguments of the K function in (23) are large and
(k, v,/w,)?* <1, we obtain

oo — /mw 7\ (k2 o\ 1 n2_1+nzw2 n/2
1 2 2u w? [ [ ?

nw n2w? 1/2 i
xexp{—nz’u_l[l—nz—wc—i-n(nz—l—i-w;) ]} (25)

ThlS agrees with equatlons (4a) and (24) in Shkarofsky (1966). If, furthermore,
ni> 1 and n} > |(nw,/w)*—1[, (25) reduces to the well-known nonrelativistic

result
o n*w? ( )1/2(k2 ?*) 1e [ (w—nwc>2] (26)
=% xpl —|—=—"] |-
= a)|/cH|vt w? P V2lk v,

7. Other relativistic distributions

[
e
iMs I

For other distributions, it is more convenient to use different forms instead of
(9) and (12). These are obtained by integrating by parts the parallel derivative
in U, Since f = f(z,,z)), we obtain

res \/Jres ﬁ e _ J 2 %ﬂ}res =
fdz 25V (77, Z, (72) = jn dz [fdz (le)+zLVazH 5| (27)

Equation (9) or (12) becomes, with the same upper and lower limits,

2 a a res
= 2722 fdz {jn (V) + (nQ—l)szla—f} , (28)

%)z =2t
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where, within Vj;, the argument x of the Bessel functions, is related to z; by
(3b), and the derivative of either with respect to z; can be obtained from (7) or

(10). Thus

0z o TR, .
zi—a% =—z(1l—n)+ ”w : (29a)
0 0z, 5 .

82“ ( 82) (1—nf). (29Db)

We can likewise integrate by parts the perpendicular derivative in U,
resulting in

res \/Jres ﬁ s _ 6 ZLV le ﬂ res
fdz ATV (52) a Jd [jaz (aﬁ/az)—k(a@/@z)@z} ' (30)

Inserting (30) into (9) or (12) gives

nw, 0 (2, V (1—n3)yz, VY Of "
Mﬂ jdz{ @ dz” <5ZL/62)+( azi/az\\ aZH zL=zrf'S. B

Note that
{i( 2,V )}“‘Sz{(l—nz)ziv_i_(&/az)(ziV)}”S' (32)
0z \0z, [0z, (2002, /02)* 2z, 0z, [0z
Also, referring to (2),
izz_%£2 ]ZiT” :
5 ) = 5 [azi 1) |+ 00+, (33)

Both expressions for €, namely (28) and (31), are given in Granata and Fidone
(1991). In the following, we shall be using the form in (28).

8. A relativistic bi-Maxwellian

We now give the equivalent integral to that in (21) for the case when the
distribution function is a bi-Maxwellian, although we do not have a closed-form
expression for the integral in terms of known functions. We define different
temperatures 1/u, =T, /mc* and 1/u =T /mc* respectively in the perpen-
dicular and parallel directions. The following form for the distribution function
is a possible relativistic counterpart to the nonrelativistic bi-Maxwellian. Other
counterparts have been suggested, but the form applied here actually reduces
to the nonrelativistic form when 7', = 7]. This form was previously applied by
Yoon (1989). Let

f=Aexp[—/“(l-l-zi-i—zﬁ)m-l-Alu(l-I—zﬁ)l/z], (34)
with Ay = i, —p;. The constant 4 is obtained from [fd®z = 1, giving

_M I ] 35
4W[K2(M>_AﬂK1(ﬂ)/ﬂﬂL' (35)

We now insert this distribution function into (28) and illustrate the resulting
integral for the 11 element. For n} < 1, (28) yields, with 4 given by (35) and B
by (20d),
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2 o i
&l = i2712A(%> ermnede N B(1 —nz)’”"f dzyexpl —pu, nyz +Ap(1 425"

k=0 2|
X (2 =2 ) =2 )Tk ) my (2] 2 — 27))
e (U=n) (z=2) (2] —2))]- (36)

Also using (28), we find for (12a) or (12b) with its appropriate limits, when
nt>1
I ’

2 ]
et = 7:27T2A((1()f) emranodv N Bt — 1)’”"sz exp[ — g, nyz +Au(1+27)"?
=0

X (2 =2 =) (k4 ) my (22— 2 — 7))

— (= 1) (5= 27) (2 =21 (37)
As mentioned above, a closed form of these integrals has not yet been found.

9. A relativistic Maxwellian in the perpendicular direction

We now consider the case when the distribution function has an arbitrary form,
g(z)), in the z, parallel direction but is a Maxwellian in the perpendicular
direction. We adopt a distribution function of the following form, with 1/p, =

T, [mec?: ‘ ‘
S= AQ(ZH) expl —pu (1427 +Zﬁ)l/z+lh(1 +Zu)l/2]- (38)
The constant 4 is obtained from [fd®: = 1, giving
A= ,ui/{?ﬂ j_ dzy[1 4, (1+27)"7] g(z)} (39)

For nf <1, (28) yields, with (39) for 4 and (20d) as before for B,

2 0 ZW
6({1 — 12724 (%) eI LW /0 Z B(] _nz)k+nf (,lZH g(ZH)

k=0 Z[
xexpl—pymyz+p, (1+29)7]
X (=) =) (e ) (2 2 =22
+p (1=nf) (z—27) (2] —2))]. o0
r(

Also, we have for (12a) or (12b) with its appropriate limit, when «f > 1,

2 0
& = 2'2712A(w7’> ernedo " B(nf— 1)k fdz 9(z)
w k=0
xexp[—pu, nyz+p, (14251
X (2= 2)) My =2 )T (e m) my (22— 27 —2))

—p (i —=1) ()= 2)) (z—=2])]. (41)

10. A relativistic Maxwellian in the perpendicular direction and
having a plateau in the parallel direction

In lower-hybrid current-drive situations, a plateau occurs over an intermediate
range in ¢g(z), as indicated in Fig. 3, even including electron-cyclotron heating
with nf < 1. The distribution is elevated in this region, and this important
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Figure 3. The one-dimensional parallel distribution function corresponding to Fig. 1. The
arrows indicate the extent of the plateau region.

contribution to the damping is now considered. (The contribution of the bulk
can be treated as in Sec. 6, i.e. as a full Maxwellian.) The limits in (40) are now
Zmin = Max(z,z;) and 2, = min(z], z,), where the plateau extends from z, to
z,. Values of z; , =v,,v,,/c are based on given velocity v, , limits of the
plateau. These curves intersect the resonance curve y, , = nz, ,+no./o at

nw, [( ¢
2o = ——ny |, 42
2 w /(’Ul,z ) (42)

provided that at the intersection point 2§ > 0, or

ColG = [Gn) s

The extent of the resonance curve in Fig. 2(a) is decreased by one or both
intersection points. (If z.,;, > 2h.x. the plateau does not contribute to the
damping.) Let us assign to the argument of g(z|), which is more or less a flat
function in the plateau region, the value at the middle of the plateau region,
namely z,, = 3(Zmin T Zmax)- 1N this case, ¢g(z,,) can now be taken outside the
integral, yielding

2 0
o9 W, N
81111 — 2277.2 4( p) e—/bln(()(,/(A) g(zav) § B(l —nﬁ)k+7L
w =

k=0

Zmax
% f dzyexpl— gy nyzy+py (1+25)17]

X (=2 o =2 P (ke )y (2 + 2 —22)

+ILLL(1—7Lﬁ)(ZH—Z[)(Z‘T—ZH)]. (44)
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Then the damping is proportional to g¢(z,,). Further approximations can
possibly be made in (44), as well as in (36), (37), (40) and (41). However, at some
stage, because of the limits on the integral, a computer evaluation is needed. We
have therefore gone back to (9) and are writing a computer program based on
the full two-dimensional form of the distribution function, an example of which
is shown in Tig. 1.

11. Conclusions

The anti-Hermitian parts of the relativistic dielectric tensor, which provide the
damping close to a cyclotron harmonic frequency, have been written as a single
integral over either parallel or perpendicular momentum. The limits on the
integral have been shown for either case, and depend also on the sign and
magnitude of the parallel refractive index. Comparisons have been made with
expressions in the literature. For the case of a relativistic Maxwellian
distribution, the integrals can be evaluated exactly and analytical expressions
obtained. These reduce to previous results in certain limits, including the
nonrelativistic limit. For a relativistic bi-Maxwellian distribution function, we
can only write the result as an integral. This integral form can then be
generalized to a distribution that is Maxwellian only in the perpendicular
direction, with an arbitrary form in the parallel direction. A computer program
is being written to evaluate in general the single-integral expressions for
complex distribution functions, such as those that result in the presence of
lower-hybrid and electron cyclotron high-power waves.
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Appendix. & for a relativistic Maxwellian

The following relativistic Maxwellian distribution is adopted where I and K are
respectively modified Bessel and Hankel functions, »? = 7'/m and u = (c/v,)>.
We require that n} — 1 +n*w./w* > 0. First, relations are given for the case when
L > |n)|. We define

Q . 77//“02 (7T/2,LL)1/2 ki’?)? k+n—1 nﬁ_1+n2w3/(02 (2k+2n+1)/4)
ke "k(uz(l—n‘z‘)l/z 'Ky(p) \ w? n?
,u(l—n'z—nwc/w)]
xexp[ , (A1)
1 —nj
0 = (—1)*(2k+2n)! _ (—)f(n+k—1)! (A2)
TR (k4 n)(k+2n)! 2" kl(n+k/2)!(n+ 3k —1)
712—1+n2w§ w?)1/2
anmnuﬁ ” [0 (A3)

1—7@"2‘
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Then the various elements, including that in (21), are

o0

e =1 Z Qi n2[lc+n+1/2(Zn)7 (A4)
k=0

6y = — &5 = Z Quin(k+1) Ly yiro(Z) (A5)

2k(n+k—1)(2n+k)
2
an[ﬂ + 2n+2k—1

0 -
&% =1

Bl
P18

:|Ilc+n+1/2(Zn): (AG)

kic n nw
ey = &5 =1 Z Qi H [ clk+n+1/2(Zn)

v, 1— nH w
n?—1+n2w?/w?\"?
_(ng/) ]lc+n+3/z(Zn)]- (A7)
Z kic n |no,
a = gl = — L] Z
632 823 go Qn}c(k+ ) (l)c 1_77/ﬁ W lc+n+1/2( n)
n2—1+n0?/w?\"? ]
_<n2/> 1“%3/2(4")], (A8)
I
Y G ke 1 NEORS
=i ) ) e
nw,\*
—l—[n2—1+< o )]]k+n+5/z(zn)
) no " 2n|nw, 1—nd
R S S B

or

o0 2 1 . 2
E33 = Z nk( )6) (12){[” 1+(n2+1)(7’%}> :|]k+n+1/2(Zn)

[n i+ (nw )2]1/2 [|n|n(u6+ (k+n+1)(1— )]1k+n+3/z(zn)}~ (A9D)

o) w ulny

Next, for #f > 1, we change the definitions of @, and Z, to the following:

ILL(D; (77,/2#)1/2 (ki L,?)ki—nl (nz _ 1 +7/l2(1)3/(1)2)(2k+2n+1)/4

an = Api

w*(nf—=1)"2 e Ky(p) \ w2 ni
pu(n—1+nw,./0)
, Al
xexp[ e : (A 10)
[ngl(n?— 1+ n2w?/w*)'?
z, =Ml P /@) (A11)
\
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Then the various elements, including that in (23), are

8?1 = Z Z annsz+n+1/2(Zn)a (A 12)
k=0

ey = —& = Z Qe (b +n) Ky i02(Z), (A13)
" L& 2k(n+k—1)(2n+k)
€a9 = 1 I;() an[n2+ It oh—1 Kiinire(Zy), (A14)

- kic n |no,
ey = &5 = —1 g Qui Lc nﬁl 1 [ka+n+1/2 (Z,)

n?—1+n2w?/w?\"?

- % K}c+n+3/2(zn) ) (A 15)
7
= ki c "H

Egp = —&p3 = Z ik +n)——

nw,
_ 1 [ Kk+n+1/2(Zn)
H

nt—1+n*w?/w*\'?
_(2/> ch+n+3/2(Kn)]= (A 16)

7|

L@ ke 1 o[ nw,\?
d=iy, an< = ) (31)2{7’52(—) Kiinir(Zy)

£33 = w. ) (nf— w
nw,\*
+[n2—1+< o )]Kﬁ+n+5/2(z )
nw \* V220 |nw, n?—1 . _
_[n2_1+(w)} [w+/4|n|]Kk+"+3/2(A")} (A1/a)
I
or
e ke 1 ) no,
53 = . —_— —1+ 1 K (Z
€33 Z;CZOQ"'”<%) (ng_l)z{[n +(nf+1)|—* v ktnt1/2(Zn)
. nw N2 nnw,  (k+n+1)@m3—1)
—2[%2—1 +(7> } [ Hw — ﬂ|n\\| - ]Kk+n+3/2<zn)}'
(A 17h)
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