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Bremsstrahlung in electron-ion Coulomb scattering in strongly coupled plasma
using the hyperbolic-orbit trajectory method
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Classical bremsstrahlung in electron-ion Coulomb scattering in strongly coupled plasmas is investigated
using the classical curved trajectory method. In strongly coupled plasmas, the electron-ion interaction potential
is obtained by the ion-sphere model potential. The modified hyperbolic-orbit trajectory method is applied to
describe the motion of the projectile electron in order to investigate the variation of the differential brems-
strahlung radiation cross section as a function of the impact parameter and ion-sphere radius. The results show
that the scaled doubly differential bremsstrahlung radiation cross sections have minima at the small impact
parameter region for soft photon radiation. For hard photon radiation, the minima disappear. The impact
parameter corresponding to the minimum position of the bremsstrahlung radiation cross section recedes from
the center of the ion core as the ion-sphere radius increases. The radiation cross section is substantially reduced
as the radiation energy increases, especially for the large ion-sphere {&1i063-651X96)12007-9

PACS numbgs): 52.20-j, 31.15.Gy, 52.25.Tx

[. INTRODUCTION strongly coupled plasmas, the curved trajectory method is
more reasonable to describe the motion of the projectile elec-
Electron-ion Coulomb bremsstrahlund—11] has re- tron rather than the straight-line trajectory. Thus, in this pa-
ceived much attention since this process has wide applicgser we investigate the bremsstrahlung processes in strongly
tions in many areas of physics, such as the modeling of labazoupled plasmas using the classical modified HO trajectory
ratory fusion[7] and astrophysical plasmé4], as well as in - method with the ion-sphere model potential. The results
basic research in astrophys|esé], atomic physic$1-3,10,  show that the scaled doubly differential bremsstrahlung
and plasma physid$,7-9,11. Recently, the bremsstrahlung 5diation(SDDBR) cross sections have minima at the small
in collisions of electrons with ions in h|gh—tempe_rature plas'impact parameter region for soft photon radiation. These

diagnostics[7,8]. There have been many investigations for

the bremssfrahlung processes in plasmas using both qu‘,:mtd)eared. The impact parameter corresponding to the minimum
mechanica[1,4,5,7 8 and classical2,3,6,9—11 methods. It 68smon of the bremsstrahlung radiation cross section re-

has been known that the classical trajectory metli6,9— cedes from the center of the ion core as the ion-sphere radius
increases. The radiation cross section is substantially reduced

11] can visualize the atomic transition probabilities as a - . :
function of the impact parameter. Hence, the classicaf the radiation energy increases, especially, for the large

straight-line(SL) and hyperbolic-orbitHO) trajectory meth- 0n-sphere radius. , _

ods [4,12,13 have been widely used to investigate the In Sec. Il, we derlye the classical expression of the brems-
electron-ion collisional excitation and bremsstrahlung pro-Strahlung cross section in Coulomb scattering of nonrelativ-
cesses. Recently, in strongly coupled plasmas, the bremitic electrons with ions in strongly coupled plasmas de-
strahlung processes have been investigated using the SL trgeribed by the ion-sphere model potential using the HO
jectory method 11]. However, in strongly coupled plasmas, trajectory method. Here, we introduce the modification on
the bremsstrahlung processes have not been investigated tige impact parameter. In Sec. lll, we obtain the scaled dou-
ing the curved trajectory method. In dense plasmas, an indbly differential bremsstrahlung radiation cross section as a
vidual electron-ion encounter is influenced by the interacfunction of the impact parameter and ion-sphere radius. We
tions of the surrounding electrons. The Coulomb interactiongalso investigate the variation of the bremsstrahlung radiation
in strongly coupled plasmas cannot be described by theross section with a change of the impact parameter, ion-
Debye-Hickel model because of the large plasma couplingsphere radius, and radiation photon energy. Finally, in Sec.
parameter. A description of the strongly coupled plasmas i$y, a summary and discussion are given.

provided by the ion-sphere modgl5,16. Astrophysical

dense plasmas are those we find in the interiors, surfaces, and

outer en\_/elopes of astronomical objects, such as Neutron; ~| Ass|CAL BREMSSTRAHLUNG CROSS SECTION

stars, white dwarfs, the Sun, etc. The states of plasmas for

the inertial confinement fusion research are quite similar to The classical expression of the bremsstrahlung cross sec-
the those of the solar interior. In these circumstances of théon [2] is given by
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3z
dabzzwf db b dw,(b), (1) Rz:<4wne> , (7)

since the total charge within the sphere is neutral. We now
whereb is the impact parameter amtiv,, is the differential  neglect electron-electron interactions altogether due to the
probability of emitting a photon of frequency withidw  cancellation of their radiation fieldg2]. Then, the corre-
when an electron projectile changes its velocity in a collisionsponding force is given by
with a static target system. For all impact parameters, the
differential probabilitydw,, is obtained by the Larmor for-
mula[3] for the emission spectrum of a nonrelativistic accel- F(r)= —Zezr(r—g— E) 6(Rz—r). ®)
erated electron, ‘

For an electron projectile, the convenient parametric rep-
resentatiori12,13 of the HO trajectory for (t) in x-y plane

q 8me? dw 2 is
W,= 3hc3 | a)l ( )

x=d(e*—1)¥%sintw,
wherea,, is the Fourier coefficient of the acceleration of the y=d(—costw+e),

projectile electrora(t) of the time variabld,
r(t)=|r(t)|=d(e costw—1),

1 o o d
awzﬂ ledt e ta(t). (3 t= ; (e sinhw—w), —oco<w<oo, 9)

whered, e(=1+b?%d?'? andv are half of the distance of
To computea,, we can set up coordinate axes so that theclosest approach in a head-on collision, the eccentricity, and
electron orbit is in thex-y plane; then the initial velocity of the projectile electron, respectively.

Including the plasma-screening effects, the parametés

obtained by a simple perturbational calculation with the ion-

1 h tentidlEq. (6)]:
2= (Pl Fyl®), (4  sphere potentidEa. (6]

d= (10

1 . 3 \1?
dy " 2R;)
whereF,,, andF,,, are thex andy components of the Fou-

rier coefficients of the Coulomb forde(t) between the pro- WheredOEZeZ/mv2, sinced/R,<1. After some straightfor-

jectile electron and the target system: ward manipulation, the Fourier coefficients of the force are
found to be
1 © ” Ze2 J—
Mw:% fﬁmdt e IFM(t) (P«:X.Y)- (5) F,uw:_ ﬂ_ﬁz FMw' (L=x,y), (11

wherea,(=agy/Z) is the first Bohr radius of hydrogenic ion
In strongly coupled plasmas the Coulomb interaction potenwith nuclear charg€ andv=wv/a,. The Fourier coefficients
tial between the projectile electron and the target ion withg andF_yw are, respectively,
chargeZ can be represented by the ion-sphere moitte)16,

= _1 fwz g 1 ?(e coshw—1)
w: = W| = — —
7& ; 2 “ ) -w, | d(e costw—1)? RS
V(in=-—|1-5" (3— —2) 0(Rz—r), (6
r 2Ry RZ X (€2— 1)Y2 sinh wel Y(e sithw—w) (12)
42
wherer is the position vector of the projectile electron from =~ _ ;f‘”z dwl — 1 d*(e C‘Ehw_l)
the center of the target ion arffz) (=1 if z=0;=0 if z<0) A d(e coshw—1)? RS
is the step function. This ion-sphere model is expected to be S
reasonable for low temperature and high density; i.e., where X (—coshw+ e)e vte sinhw=w), (13

ions are frozen into a lattice. Presumably, at high tempera- _

ture and density, when the potential energy is large comwhered=d/a,, RZ Rz/a,, and y=wd/v. Here, the upper
pared to the kinetic energy, the model is also reasonabldiound of the integralv; has been obtained by the interaction
HereR; is the ion-sphere radiu®r called the Wigner-Seitz range (<R,) of the ion-sphere potentigEq. (6)] andr (t)
radiug and is given by the plasma electron density in Eq. (9):
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found to be greater thaR_z. However, this is physically

2 E unreasonable since the interaction potential vanishes for
Wa=In do 2 r>R;. Hence, the trajectory of the projectile electron for
z 1 2 1 >R, would be a SL one. The modified HO trajectory would
1+| —+—] b be then the HO trajectory fdw|<w; and the SL trajectory
\ do  2R; for |w|>w,. Here w, can be obtained by Eq(9),
_ _ 2 12 R,=d(e coslw,—1). From Eq.(9), the tangent at the point
(z 5 (I=X(W)], Y2l =Y(w;)]) becomes
dgy 2
+ e 1 . (19 tanhw
1+ d_+§ _2] y=—(—62T)me+d(—costh+ €)+d sinhw tanhw; .
0 Z

(19

whered_ozdolaz. We now discuss the modification_on the The modified impact parameté’ can be obtained by the
impact parameter. From E@14), the upper bound ob is  perpendicular distance from the origin to this tangent,

b= d(e?—1)Y2costwy(— costwy+ €) + d( €2 — 1) Y%sinkw,

[sintfw,+ (€2— 1)cosiw;]*? (163
1/2
2 1/Zecosh'vz—l
dle—1) (ecosh/vz+1 (160

After some algebra, the relationship between the generathen, it is found that,,,=(2E+3/2R,) L. The modified
scaled impact parameté(=b/a;) and the modified scaled maximum scaled impact parametef,,, is determined by

impact parameteb’ (=b’/az) becomes Egs.(7) and(14); b/,.,.=R,
_ 7 12 I1l. BREMSSTRAHLUNG RADIATION CROSS SECTION
E+ —
_ — 2R, The differential bremsstrahlung radiation cross sedtijn
b=b’ 3 , (17 is defined by
T
’ dxp_ doy (208
de  hdew

whereE(=muv%/2Z%Ry) is the scaled energy of the projectile
electron. Then, in the nonrelativistic limit the classical

2
bremsstrahlung cross section can be obtained by &gs. :E“ao JEF dF(|F_ |2+|F_ |2) (200
(12), and(17); 3 E 0 X® yol )

wheree(=fiw) is the energy of the radiation photon. In the

16 @aj dw e —
Tp=— e hied En%/ db,(|wa|2+|wa|2), (19) nonrelativistic limit, the parametey can be expressed as
3 E o Jy,
€
) _ _ y=——a. (2D)
where a(=e?/fic~1) is the fine structure constant. Here, ~ 3
= e . = 2\VE|E+ —
the modified minimum scaled impact parameteéy,, corre- 2Rz
sponds to the closest distance of approach at which the ion-
sphere potential energy of interaction is equal to the maxi- - 5 ) o
mum possible energy transfer, where e (=hw/Z°Ry) is the scaled energy of the radiation
photon. Then the scaled doubly-differential bremsstrahlung
72 b’ b2 radiation (SDDBR) cross section obtained by the modified
2myl=—r-|1— =—— (3_ _2” (19) HO trajectory, i.e., the differential bremsstrahlung radiation
b 2Rz Rz cross section per unit scaled impact parameter, becomes




54 BREMSSTRAHLUNG IN ELECTRON-ION COULOMB . . . 1915

~ 3\
~ ~ E+ —
( d2y, / , 16a° b JWZ dw b’sintw ( 2RZ)
v T T > 2\112 _
dedb’/ 37 E (E i) w2 (E+i) [(1+b'2)costw—1]
RZ Z
2
(1+b'2)Y2costw—1 CB[(1+0'2) Yesinhw—w]
~ 3 \= ~ 3
E+—|R? 2VE|E+ —
2R, 2R,
= 3
fwz I costw+ (145222 2R,
——[—cos
—w, 2 ( [(1+b'?)Y2costw—1]
2
(1+b'?)Y2costw—1 B[(1+Db2)Yesinhw—w]
E+—| RS 2\VE| B+ —
2R, 2R,
|
where the modified intervali; is given by tion, the minima have been disappeared. The minimum po-
) 1 sition of the SDDBR cross section recedes from the center of
~ 5 \— ~ 5| = the ion core as the ion-sphere radius increases. Since the
w,=1In E+ F Rz E+ ? Rz SDDBR cross section corresponds to the differential radia-
sz Z -1 , tion probability, the minimum represents the minimum prob-
(1+Db'2)12 (1+b'?) ability. The SL trajectory method can be obtained by chang-

(239 ing the parameters as=vt andy=b’ in Eq. (9). We can

o~ ~ — ~ — also verify that
with b’ =[(E+ 3/2R,)(E+ 7/2R;)]~'“b’. The dependence of

the SDDBR cross section on the plasma-screening effects d2y, d2y,
has been explicitly indicated through the scaled ion-sphere (W) = lim (W) . (24
radiusR;, . This SDDBR cross section is dimensionless since & SL .o ¢ HO

all physical parameters are normalized. r’o_,
In order to investigate the plasma-screening effects, we ed-b

consider the three cases of the ion-sphere radiEQ:z.lo, Figure 2 shows the SDDBR cross sections obtained by the

8L trajectory method. The SDDBR cross sections are sub-

stantially decreased with increasing the radiation photon en-

ergy, especially at the large ion-sphere radilg=40). For

) - 2 . ; ) . small-impact parameters the SL trajectory method is not

'k'e" E—tO.ZbZ Ryl,' SbIInC? thle classical traj'ecttplry m(ZEthOd IS quite reliable since the SL method is the classical analog of
nown to be reliable for low-energy projectiles <Zac) the Born approximatiofil7]. As we see in Figs. 1 and 2, the

(2] Table | shows the numerical values of the SDDBR CrOSSPPRR cross sections obtained by the modified HO trajec-
sections_ab’ =5R,/3 for the three cases of the ion-sphere

radius: R;=10, 20, and 40 wherE=0.2. The SDDBR TABLE |. Numerical values of the scaled doubly differential

cross sections are substantially decreased with increasing themsstrahlung radiation cross sections obtained by the modified
radiation photon energy, especially for the large ion-sphereio trajectory metholEq. (22)] atb’ =5R,/3 for the three cases of
radius (e.g., =0.8% for R;=10, =16.5% for R;=20, and the ion-sphere radius:R;=10, 20, and 40 whe&=0.2.
=79.3% forR,=40). However, for the small ion-sphere ra-
dius, the SDDBR cross sections are almost unchanged with (dsz(b’=5Rz/3)) / ,
—_— 7ag
HO

radiation photon energy to the projectile electron
energy: e/E(=¢/E)=0.1 (the soft radiation photonand
0.5 (the hard radiation photgnHere, we choose th&=0.2,

varying the radiation photon energy. The SDDBR cross sec-
tions are illustrated in Fig. 1, where the full curve is that
for e/E=0.1 and the dotted curve that f@fE=0.5. The

de db’

radiation cross sections are terminated at the corresponding o/E R,=10 Rz=20 Rz=40
ion-sphere radii since’<R,. As we can see in Fig. 1, the 0.1 1.380310°® 1.9940<10°6 3.2206x10°°
SDDBR cross sections have minima at small-impact param- .5 1.368%10° 1.6655<10°8 6.6634<10/

eter region for soft photon radiation. For hard photon radia
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FIG. 1. The scaled doubly dif-
-6 ferential bremsstrahlung radiation
1x10 cross sections obtained by the
modified HO trajectory method for
=7 the three cases of the ion-sphere
1 x10 radius: R;=10, 20, and 40 when
E=0.2. Thefull curve represents
-8 Eqg. (22) for €/E=0.1. The dotted
1x10 | curve represents Eq(22) for
€/E=0.5.
-9 i _ _ _
1 x10 Rz=10 Rz=20 Rz=40
-10 _ b
110 0 10 20 30 40

tory method and by the SL trajectory method are quite dif-investigate the variation of the scaled doubly differential
ferent. The minimum phenomena cannot be found in the Slbremsstrahlung radiation cross section as a function of the
trajectory method11]. Because of the strong Coulomb ef- impact parameter and ion-sphere radius. The results show
fects within the ion-sphereb(<R,), the modified HO that the scaled doubly differential bremsstrahlung radiation
curved trajectory method is more reliable than the SL trajeceross sections have minima at the small impact parameter

tory method in the classical approximation. region for soft photon radiations. These minima have not
been found using the straight-line trajectory method. For
IV. SUMMARY AND DISCUSSIONS hard photon radiations, the minima disappeared. The impact

parameter corresponding to the minimum position of the ra-
We investigate the plasma-screening effects for thediation cross section recedes from the center of the ion core
bremsstrahlung in electron-ion Coulomb scattering in-as the ion-sphere radius increases. The radiation cross sec-
strongly coupled plasmas using the classical hyperbolic-orbition is substantially reduced as the radiation photon energy
trajectory method. In strongly coupled plasmas the electronincreases, especially, for the large ion-sphere radius. These
ion interaction potential is obtained by the ion-sphere modetesults provide a general description of the classical brems-
potential. The hyperbolic-orbit trajectory method is appliedstrahlung processes in electron-ion Coulomb scattering in
to describe the motion of the projectile electron in order tostrongly coupled plasmas.

dxy(b"
_7~(b (_) /nag
dedb’ |sL
0.00001
FIG. 2. The scaled doubly dif-
B! ferential bremsstrahlung radiation
1 >10 cross sections obtained by the SL
trajectory method for the three
-7 cases _of the  ion-sphere
1x10 radius: R;=10, 20, and 40 when
E=0.2. Thefull curve represents
-8 Eq. (24) for €/E=0.1. The dotted
1x10 | curve represents Eq(24) for
e/E=0.5.
-9
1x10 |
-10 . ;
1 %10 40
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