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A n anal yt ical for mula of t he electronic sto ppin g p ow er expression in
this stu dy w as deri ved for swif t b oron-li ke and carb on- li ke ions by using
Ùrst- order perturbation theory and frozen-charge- state model . T he H artree {

Fock{ Slater determinant was used for the description of the b ound electrons
attached to ions in the ground state and orbital- screeni ng parameter w as
determined by variational metho d. The calculated ground state energies in
this study were compared w ith the results of C lementi{ Roetti and they are

in good agreement w ith 5%. It has b een observed that the di˜erence of en-
ergy loss for boron- like and carb on- lik e pro j ectiles in a frozen- charge state
increases as an atomic numb er increases. Furthermore , the analytical ex-

pression of the e˜ective charge of boron- li ke and carb on-lik e proj ectiles w as
derived.

PACS numb ers: 34.50.Bw , 61.85.+ p

1. I n t rod uct io n

In the intera cti on of swi f t charged parti cles passing thro ugh m atter, the
quanti ty of stoppi ng power or energy loss pl ays the m ain ro le in many Ùelds such
as im puri ty ato m im planti ng to semiconducto r devi ce, structura l analysis of solid
ta rget by R utherf ord backscatteri ng spectroscopy (R BS), and plasma-Ùrst wa ll
intera cti ons in nucl ear- fusion reactor.
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The electro nic stoppi ng power of m ateri als has been extensi vel y investigated
for fast- ionised pro jecti les, based on the Ùrst Born appro xi m ati on. In general , stop-
pi ng power data for gases and sol id m edia were pro vi ded from the exp erimenta l
vi ew point [1, 2]. On the other hand, theo reti cal studi es have been based on the
ato m ic m odel [3, 4], the free-electron gas m odel [5{ 7], ki neti c m odel [8], a nonl inear
calculati on [9], the local density m odel [10, 11], and the wa ve-packet model [12].

As a quantum -m echanical, Bethe and Bloch Ùrst theo reti cal ly studi ed the
quanti ty of stoppi ng power consideri ng the point charge state [3, 4]. For a swi ft
point charge Z 1 e m ovi ng at a vel ocit y v in a ta rget matter wi th an ato m ic num -
ber Z 2 , the energy loss per uni t path length is form ulated [3] by

S =

˚
4 ¤ e4

mv 2

Ç

N Z 2 Z 2
1 ln

˚
2 mv 2

I

Ç

; (1)

where m and e are the electron rest mass and the elementary charge and N and
I | the numb er density and the mean exci ta ti on energy of the ta rget ato m s,
respect ively. La ter, the hi gher-order term s, the Bark as term (or Z 3

1 term ) [13] and
the Bl och term (or Z 4

1 term ) [4], to gether wi th shell correcti ons [14] were added
to the Bethe expression to obta in the standard form ula for energy loss of ful ly
stri pped swi ft l ight ions.

The energy lossof parti al ly stri pped ions for a slow He+ ion passing thro ugh
degenerated electron gas was Ùrstl y inv estigated by Ferrel l and Ri tchi e [15]. If the
num ber of bound electrons on pro jecti le is largeenough, the parti al ly stri pped ions
m ay be just expl ained by a Tho m as{ Fermi atom m odel and then i ts energy loss
in the electron gas can be simi larl y form ulated [16, 17] as the trea tm ent of Ferrel l
and Ri tchi e. Furtherm ore, the concept of ẽ ecti ve chargeZ e˜ i s necessary to deÙne
as the square root of the stoppi ng power for pro jecti le relati ve to tha t f or proto n
m ovi ng in the sam e m atter at the same vel ocity . Two quanti ti es as the spati al size
and average num ber of bound electron general ly contri bute to the e˜ecti ve charge.

For the parti al ly stri pped fast hydro gen-l ike and hel ium -l ik e ions, an analyt-
ical form ul a for electroni c stoppi ng power was deri ved by Ka neko [18]. La ter on,
he extended thi s analyti cal form ul a to ¿ ç 4 bound electron [19]

S =

˚
4 ¤ e4

mv 2

Ç

N Z 2 L ( Z 1 ; Z 2 ; v ) (2a)

wi th

L ( Z 1 ; Z 2 ; v ) = (Z 1 À N 2 s À 2 )2 ln

˚
2 mv 2

I

Ç

+

˚

2 Z 1 N 2 s +
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2 s

Ç
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Ç
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2 0 9

8 1
N 2 s

Ç

ln

˚
v

Z e v 0

Ç

+2 Z 1 + 5 2 Z 1 N 2 s À

3 3 4

2 7
N 2 À 1 1 3 À

2 7 1

1 6 8
N 2

2 : (2b)



Elect roni c Energy Loss of the Par t ial ly Str ipped Boron -Li ke . . . 351

Here the Bark as and Bl och term s and the shell correcti on are neglected. In Eq. (2b)
N 2 s denotes the numb er of 2 s electro n. Z e = Z L i and N 2 s = 1 for l i thi um -l ik e
pro jecti les, Z e = Z Be and N 2 s = 2 for beryl l ium -l ik e ones. The quanti ty Z e i s the
orbi tal screening param eter, v 0 i s the Bohr velocity (2 : 1 8 8 È 1 0 8 cm/ s).

In thi s study , analyti cal form ul ae for the electro nic energy loss of swi ft
boron- l ike and carb on- like ions are presented wi thi n the framework of the Ùrst
Born appro xi mati on. Fi rstl y, tota l energy is mini mi sed using a vari atio nal metho d
in order to determ ine the spati al distri buti on of the bound electro ns on pro j ecti le.
Secondly, analyti cal form ula for the stoppi ng power is deri ved for swi ft boron- l ike
and carb on- l ike ions and a degree of screening per bound electro n is discussed.

2. T heor y

In the present work, we consider the case where the pro jecti le vel ociti es are
hi gher tha n both the stati sti cal avera ge vel ocity Z

2 = 3

2
v0 ( v 0 = 2 : 1 8 8 È 1 0 8 cm/ s)

of the target electron and the vel ocity Z e v 0 of bound electrons on the pro j ecti le.
Here, our pro cedure is based on the Ùrst- order perturba ti on trea tm ent, so tha t
the form ulaederi ved later for swi ft parti al ly stri pped ions corresp ond to the Bethe
expression (1) in the senseof havi ng the sam e theoreti cal base [18, 19]. The spati al
di stri buti on of the bound electrons on a pro jecti le is determ ined by m inimi sing
to ta l energy, using a vari ati onal m etho d.

Here we consider the electron distri buti on £ ( r ) in the ground state pro jec-
ti le under the f rozen charge state. W e consi der a boron- l ike pro jecti le havi ng Ùve
electrons in the 1 s 2 2 s2 2 p singlet conÙgurati on and a carb on- l ike pro j ecti le havi ng
six electrons in the 1 s 2 2 s 2 2 p 2 conÙgura ti on, respectively. In order to calcul ate the
to ta l energy of system in a quantum mechanical m anner, the Ha mi l to nian of our
system is given as

H = À

ñh
2

2 m
r

2
À

Z 1 e 2

r
+

1

2
( = )

V ; (3)

where V i s the intera cti on potenti al energy of two electrons in i and j positi ons
and wri tten as

V =
e 2

j r À r j

: (4)

The wa ve functi on ˆ of carb on- l ike parti cles are described by Hartree{ Fock{ Slater
determ inant :

ˆ =
1

p

6 !

ê 1 ( 1 ) ˜ ê 1 ( 1 ) Ù ê 2 ( 1 ) ˜ ê 2 ( 1 ) Ù ê 2 ( 1 ) ˜ ê 2 ( 1 ) Ù

ê 1 ( 2 ) ˜ ê 1 ( 2 ) Ù ê 2 ( 2 ) ˜ ê 2 ( 2 ) Ù ê 2 ( 2 ) ˜ ê 2 ( 2 ) Ù

ê 1 ( 3 ) ˜ ê 1 ( 3 ) Ù ê 2 ( 3 ) ˜ ê 2 ( 3 ) Ù ê 2 ( 3 ) ˜ ê 2 ( 3 ) Ù

ê 1 ( 4 ) ˜ ê 1 ( 4 ) Ù ê 2 ( 4 ) ˜ ê 2 ( 4 ) Ù ê 2 ( 4 ) ˜ ê 2 ( 4 ) Ù

ê 1 ( 5 ) ˜ ê 1 ( 5 ) Ù ê 2 ( 5 ) ˜ ê 2 ( 5 ) Ù ê 2 ( 5 ) ˜ ê 2 ( 5 ) Ù

ê 1 ( 6 ) ˜ ê 1 ( 6 ) Ù ê 2 ( 6 ) ˜ ê 2 ( 6 ) Ù ê 2 ( 6 ) ˜ ê 2 ( 6 ) Ù

; (5)
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where

ˆ 1 s ( r ) =

˚
¤ a 3

0

Z 3
e

ÇÀ 1 = 2

exp

˚

À

Z e r

a 0

Ç

; (6a)
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1

p
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˚
2 a 0
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Ç
3 2
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˚
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Ç

; (6b)

ˆ 2 ( ) =
1

p

3 2 ¤

˚
Z

a 0

Ç5 2

r exp

˚

À

Z r

2 a 0

Ç

cos(˚ ) ; (6c)

˜ and Ù represent spin wa vefuncti ons for up- spin and down- spin state, respectively.
The norm al ised wa ve functi ons ˆ 1 ( ) ; ˆ 2 ( ) , and ˆ 2 ( ) are ortho gonal to each
other [20]. The consta nts Z in (6a), (6b), and (6c) show the orbi ta l -screening
parameter, depending both on the num ber of bound electrons and on the ato m ic
num ber Z 1 of pro jecti le.

The E 1 and E 2 energies, V1 1 ; V 1 2 , and V 2 2 di rect Coulom b inte-
gra ls, A 1 2 the exchange integ ra l between electrons wi th para l lel spi ns for s -level
were calcul ated by Ka neko [19]. Furtherm ore, the E 2 energy, V 1 2 ; V2 2 , and
V 2 2 , and A 1 2 and A 2 2 ha ve been calcul ated in thi s study . These are:

E 2 =
1

4
E 1 ; (7a)

V 1 2 =
5 9

2 4 3
e 2

Z

a 0

; (7b)

V 2 2 =
8 3

5 1 2
e 2

Z

a 0

; (7c)

V 2 2 =
5 0 1

2 5 6 0
e2

Z

a 0

; (7d)

A 1 2 =
1 1 2

6 5 6 1
e2

Z

a 0

; (7e)

A 2 2 =
1 5

5 1 2
e 2

Z

a 0

: (7 f )

Thus, Ka neko' s results for s -level [19] and resul ts in thi s study for p -level are used
to calcul ate the electro nic stoppi ng power and orbi ta l -screening parameters of
boron- l ike and carb on- l ike swi ft ions. Using Eqs. (6a{ 6b), the exp ectati on values
h H i , h H i , and h H i of H and orbi ta l -screening parameters Z , Z , and
Z of Z for hel ium -li ke (¿ = 2 ; 1 s2 conÙgura ti on), l i thi um - lik e (¿ = 3 ; 1 s2 2 s1

conÙgurati on) and beryl l ium -l ik e (¿ = 4 ; 1 s2 2 s 2 conÙgura ti on) electron system s
were calcul ated by Ka neko [19], respectivel y. In thi s study , Eqs. (6a{ 6c) were used
to calculate the exp ectati on values h H i of H for carbon- l ike and boron- l ike fast
ions.
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The exp ectati on value h H i of H for carb on-l ike (¿ = 6 ; 1 s 2 2 s 2 2 p 2 conÙgu-
rati on) swi ft ions is given as

h H i C = 2 E 1 s + 2 E 2 s + 2 E 2 p + V 1 s À 1 s + 4 V 1 s À 2 s + 4 V1 2 + V 2 2

+4 V 2 2 + V 2 2 À 2 A 1 2 À 2 A 1 2 À 2 A 2 2 : (8)

If every term is calcula ted separatel y and substi tuted in Eq. (8), respecti vely, af ter
sim ple algebra, the to ta l energy for the carbon- l ike system is represented as

h H i C =
3

2
Z 2

À 3 Z 1 Z +
5 5 3 1 9 8 3 6

1 6 7 9 6 1 6 0
Z (9)

in uni ts of e2 =a 0 . Thi s energy ta kes the mini mum value

h H i C = À

3

2
Z 2

C (10)

at Z = Z C , where

Z C = Z1 À 1:0978: (11)

Simi larl y, we can obta in the to ta l energy expression h H i B for boron- l ike
(¿ = 5 ; 1 s 2 2 s 2 2 p conÙgurati on) electro n system as fol lows:

h H i B = 2 E 1 + 2 E 2 + E 2 + V 1 1 + 4 V 1 2 + 2 V 1 2 + V 2 2

+2 V 2 2 À 2 A 1 2 À A 1 2 À A 2 2 ; (12)

h H i B =
1 1

4
Z 2

À Z 1 Z +
7 8 4 1 9 5 6

3 3 5 9 2 3 2
Z 2 (13)

in uni ts of e2 =a 0 . The m inimum value of (13) can readi ly be found to be

h H i B = À

1 1

8
Z 2

B (14)

at Z = Z B , where

Z B = Z1 À 0:8489: (15)

2.1. Stopping power formul a

The stoppi ng power f orm ulae derived by Ka neko [19] for parti al ly stri pp ed
l i thi um - like and beryl l ium - lik e ions were extended to boron- l ike and carb on- l ike
ions in thi s study . As expl ained in the intro ducti on, it is assumed tha t the charge
state of bound electrons of the carb on-l ike and boron- l ike pro jecti les is Ùxed and
not subj ected to exci ta ti on inside the ta rget m ateri al.

As a quantum -mechanical, a general expression for the energy loss f orm ula
per uni t path length in Born appro xi matio n is represented by [21, 22]

S = N ( E À E 0 )

m ax

mi n

dq

q 3
8 ¤

e2

ñh v
È j F p

00( À ) j
2

j F t
0

( ) j
2 : (16)
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In the above, E n and E 0 , denote the eigen-energies of the ta rget states n and 0,
respect ively. N i s the num ber of ta rget ato ms per uni t vo lume. The mom entum q

tra nsferred to the ta rget electrons ranges from qmin = ( E n À E 0 ) =v to q ma x = 2 mv .
In Eq. (16) the form factor of pro j ecti le, F

p
00( À q) , and inelasti c scatteri ng am pl i -

tude of ta rget ato m, F t
n 0 ( q) , are expressed as

F p
00( À q) = Z 1 À h ˆ j

X

i

exp ( iq Â ) j ˆ i ; (17a)

F t
0

( ) = h n j

X
exp ( i Â ) j 0 i : (17b)

The term h ˆ j

P
exp(+ i Â ) j ˆ i on the ri ght hand side of Eq. (17a) [af terwa rds

denoted as £ ( ) ] shows the Fouri er tra nsform of the spati al electron distri buti on
h ˆ j

P
£ ( À ) j ˆ i . The charge density of boron- l ike and carb on- l ike pro jecti les

are given as

£ ( ) = N 1 £ 1 ( ) + N 2 £ 2 ( ) + N 2 £ 2 ( ) ; (18)

where N 1 ; N 2 , and N 2 are the numb er of the 1 s; 2 s , and 2 p electrons on the
pro jecti le, respect ively. N 1 = 2 , and N 2 = 2 for carb on and boron, but N 2 = 1

for boron and N 2 = 2 for carb on. The £ 1 and £ 2 charge densiti es for l i thi um -l ik e
and beryl lium -like pro jecti les were found by Ka neko [19]. In thi s study , £ 2 charge
density has been found to be

£ 2 ( ) =
Z 8 =a 8

0 À 5 q 2 Z 6 =a 6
0

(q 8 + 4 q 6 Z 2 =a 2
0 + 6 q 4 Z 4 =a 4

0 + 4 q 2 Z 6 = a 6
0 + Z 8 =a 8

0 )
: (19)

Substi tuti ng £ 1 ; £ 2 , and £ 2 charge densiti es in Eq. (18), we can obta in an
expression for boron- l ike and carb on- l ike ions as fol lows:

£ ( ) = 2
È

1 + ( qa 0 =Z )2
Ê 2

+ 2
[ 2 ( q a 0 =Z ) 2

À 1 ] [ ( q a 0 =Z ) 2
À 1 ]

[ 1 + ( q a 0 =Z ) 2 ] 4

+ N 2

Z 8 =a 8
0 À 5 q 2 Z 6 =a 6

0

[ q8 + 4 q 6 Z 2 =a 2
0

+ 6 q 4 Z 4 =a 4
0

+ 4 q 2 Z 6 =a 6
0

+ Z 8 =a 8
0

]
: (20)

In order to calcul ate the electroni c stoppi ng power, it is conveni ent to di vi de
the integ rati on region [q min ; qma x ] into two sections tha t are A = [ qmin ; q 0 ] and
B = [ q0 ; q ma x ], where q 0 i s a parameter such tha t the di pole appro xi mati on can
be used for F t

0
( ) . Physi cally, thi s m eans the separati on of close and distant

col lisions. Hereby , we can obta in exp( À i Â ) = 1 À i Â for Â § 1 and the
contri buti on of the distant col l ision, S , is then represented by

S = N
X

( E À E 0 )8 ¤

˚
e2

ñh v

Ç 2

j d 0 j
2

È

Z ˚
dq

q

Ç

j F
p
00( À ) j

2
: (21)

Here d 0 is the dipole-tra nsiti on m atri x element. On the other hand, the contri -
buti on of the cl ose col lision, S , is given by
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S B = N

˚
ñh 2

2 m

Ç

Z 2 8 ¤

˚
e 2

ñhv

Ç 2

È

Z
q m a x

q0

˚
dq

q

Ç

j F
p

0 0(À q ) j
2 : (22)

Here we can intercha nge the order of the summ atio n over n and the integ rati on
over q because both qma x and q0 are independent of the eigenstate j n i . Hence, we
can use the sum rul e [20, 23].

X

n

( E n À E 0 ) j F t
0 ( ) j

2 =

˚
ñh 2 q 2

2 m

Ç

Z 2 : (23)

The deÙnite integ ra ls on the ri ght hand side in S and S can be estim ated i f we
used the f ollowing resul t:

Z
dq

q
j F

p
00( À ) j

2 =

Z
dq

q
[ Z 1 À £ ( )] 2 : (24)

Substi tuti ng Eq. (20), i f thi s integ ra l is calcul ated, Eq. (24) is f ound to be
Z

dq

q
[ Z 1 À £ ( )] 2 = A ln( q ) + B 0 ln [ (q a 0 =Z ) 2 + 1 ]

+

7X

=1

B =[ ( q a 0 =Z ) 2 + 1 ] + C 0 ln[ ( q a 0 =Z ) 2 + 4 ]

+

3X

=1

C =[ ( qa 0 =Z )2 + 4 ] : (25)

Here integ ra l constants are:

A = ( Z 1 À N 2 À 4 ) 2 ;

B 0 = 2 Z 1 + Z 1 N 2 À (9 8 =8 1 ) N 2 À (1 =2 )N 2
2 + 3 5 0 =8 1 ;

B 1 = À Z 1 N 2 À 2 Z 1 + (2 7 8 =2 7 ) N 2 + (1 =2 ) N 2
2

+ 7 5 8 =2 7 ;

B 2 = Z 1 À (1 =2 ) Z 1 N 2 À (1 3 =3 ) N 2 + (1 =4 ) N 2
2 À 1 5 1 =9 ;

B 3 = À 4 Z 1 À 2 Z 1 N 2 + (7 0 =9 ) N 2 + (1 =6 ) N 2
2

+ 1 3 4 =9 ;

B 4 = (1 =2 ) N 2 + (1 =8 ) N 2
2 À 3 = 2 ; B 5 = (2 2 =5 ) N 2 + (1 =1 0 )N 2

2 + 1 0 ;

B 6 = À 1 2 N 2 À 2 N 2
2

À 1 6 ; B 7 = (7 2 =7 ) N 2 + (1 8 =7 ) N 2
2

+ 7 2 =7 ;

C 0 = 2 Z 1 À (2 2 6 =8 1 )N 2 À 9 9 8 =8 1 ; C 1 = (5 6 =2 7 ) N 2 À 8 Z 1 + 1 5 2 =9 ;

C 2 = 1 6 ; C 3 = 1 2 8 =3 :
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For the distant col l ision, S A , the upp er l im i t (q = q 0 ) and lower l im it (q = qmin )
are repl aced in Eq. (25) and in q 2

min ( a 0 =Z e ) 2
§ 1 appro xi m atio n and then we

obta in

S A =

˚
4 ¤ e4

mv 2

Ç

N Z 2

n
2 A ln (q 0 ) + B 0 ln[ 1 + ( q0 a 0 =Z e ) 2 ]

+

7X

n =1

B n = [ 1 + ( q 0 a 0 =Z e ) 2 ]n + C 0 ln [4 + (q 0 a 0 =Z ) 2 ]

+

3X

=1

C =[ 4 + ( q0 a 0 =Z ) 2 ] À 2 A ln( qmin ) À B 0 ( qmin a 0 =Z ) 2

À

7X

=1

B =[ 1 + n ( q min a 0 =Z ) 2 ] À C 0 [ ln(4 ) + ( q min a 0 =2 Z ) 2 ]

À

3X

=1

C [ (1 =4 ) À ( n= 4 +1 )( q min a 0 =Z ) 2 ]

o
: (26)

For the close col l ision, S , the upp er l imi t (q = q ma x ) and lower l imit (q = q0 ) are
wri tten in Eq. (25) and in q 2

ma x (a 0 =Z ) 2
ƒ 4 appro xi mati on and then we get

S =

˚
4 ¤ e 4

mv 2

Ç

N Z 2

n
2 A ln ( qma x ) + B 0 [ ln( q ma x a 0 =Z ) 2 + (1 =( qma x a 0 =Z ) 2 ]

+ B 1 =( qma x a 0 =Z )2 + C 0 [ ln( qma x a 0 =Z ) 2 + 4 =( q ma x a 0 =Z ) 2 ]

À

7X

=1

B =[ 1 + ( q 0 a 0 =Z ) 2 ] À C 0 ln [4 + (q 0 a 0 =Z ) 2 ]

À

3X

=1

C =[ 4 + ( q0 a 0 =Z ) 2 ]

o
: (27)

As the contri buti ons of the di stant and close col l isions are separatel y evaluated and
constants are replaced, the sum of S and S gives the to ta l electronic stoppi ng
power for boron- l ike and carb on- l ike ions.

S = (4 ¤ e 2 =mv 2 ) N Z 2 L ( Z 1 ; Z 2 ; v ) : (28a)

Here L ( Z 1 ; Z 2 ; v ) is the numb er of stoppi ng and as shown
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L ( Z 1 ; Z 2 ; v ) = (Z 1 À N 2 p À 4 ) 2 ln(2 mv 2 = I )

+[ 2 Z 1 N 2 p À (1 9 6 =8 1 ) N 2 p À N 2
2 p + 4 Z 1 + 7 0 0 =8 1 ] ln(2 v =Z e v 0 )

+4 [ Z 1 À (1 1 3 =8 1 ) N 2 p À 4 9 9 =8 1 ] ln ( v =Z e v 0 ) + 7 Z 1 + (7 =2 ) Z 1 N 2 p

À (3 2 9 7 1 =1 8 9 0 ) N 2 p À 1 3 1 7 7 = 3 7 8 À (1 4 3 9 =8 4 0 )N 2
2 p

; (28b)

where I denotes the m ean exci ta ti on energy of the ta rget m ateri a l. In Eq. (28b), for
boron- l ike parti cl es, Z = Z 1 À 0 : 8 4 8 8 and N 2 = 1 and f or carb on- l ike parti cles,
Z = Z 1 À 1 : 0 9 7 8 and N 2 = 2 . Here, the separati on parameter q 0 vani shes.

It is seen tha t the stoppi ng power of the ta rget materi al is characteri sed by
three quanti ti es ( I , Z 2 , and N ). It is interesti ng tha t the Ùrst term of (28b) is
interpreted as Bethe' s ori gina l form for a net charge (Z 1 À N 2 À 4 ). Thi s term
comes from the logari thm ic term in Eq. (25). The spati al size of the pro jecti le is
compl etely neglected there. The other term s are correcti on term s.

2.2. T he concept of ẽ e ct i ve charge in elect ronic stopping power

In thi s section, the a˜ecti on of e˜ecti ve charge of the pro jecti le wi l l be di s-
cussed. The concept of e˜ecti ve charge is very useful to understa nd and compi le
the stoppi ng power data . Thi s tho ught is based on the proporti onal i ty of the Bethe
form ula to the square of the charge of pro jecti le. The e˜ecti ve charge is deÙned as
the square root of the rati o of the stoppi ng power S to the proto n stopping power
S at the sam e velocity:

Z = ( S= S ) : (29)

The vi ew of the e˜ecti ve charge is to summari se various e˜ects on the electro nic
exci ta ti on such as the spati a l size and charge-changing e˜ects into onl y one pa-
ram eter Z . As used the deÙniti on of Z , the quanti ty L ( Z 1 ; Z 2 ; v ) of Eq. (28b)
is given by ( Z ) 2 ln (2 mv 2 = I ) .

The e˜ecti ve charge has general ly two aspects tha t are charge-exchange and
spati al size e˜ects. The charge-exchange is represented by stri ppi ng bound elec-
tro ns m ore and m ore to become a bare nucl eus wi th increasing vel ocit y. On the
other hand the spati al size e˜ect becom es larger the contri buti on of close col l isions,
where the ta rget electrons are scattered by an inci dent parti cle wi th e˜ecti ve charge
greater tha n i ts net charge. The reason is the incom plete screening of the nucl ear
charge by bound electrons. In the frozen charge state ions, the distri buti on of elec-
tro ns is assumed to be Ùxed duri ng passing even at hi gh velociti es. In thi s case,
the e˜ecti ve charge of frozen charge state ions conta ins only the size e˜ect.

Let us show an exact representati on for Z of ions in a frozen charge state.
From Eq. (28b) and the deÙniti on of Z , we can easily show for boron- l ike and
carbon- l ike ions by
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Z 2
e˜ = ( Z 1 À N 2 p À 4 ) 2 + [ ln(2 mv 2 = I )] À 1

È f [ 2 Z 1 N 2 p À (1 9 6 =8 1 ) N 2 p À N 2
2 p + 4 Z 1 + 7 0 0 =8 1 ] ln(2 v =Z e v0 )

+4 [ Z 1 À (1 1 3 =8 1 ) N 2 p À 4 9 9 =8 1 ] ln ( v =Z e v 0 ) + 7 Z 1 + (7 =2 ) Z 1 N 2 p

À (3 2 9 7 1 =1 8 9 0 ) N 2 À 1 3 1 7 7 = 3 7 8 À (1 4 3 9 =8 4 0 )N 2
2 g : (30)

Here Z 1 i s the ato mic numb er of an inci dent ion, N 2 i s the numb er of electrons
in 2 p orbi tal and v i s the vel ocity of the inci dent ion.

In the high velocity l imit, i .e., when v ƒ Z v 0 and v ƒ ( I =2 m ) 1 2 ; Z e˜ in
Eq. (30) appro aches the asym pto ti c value

Z 2
e˜ =

1

2
[ ( Z 1 À N 2 À 4 ) 2 + Z 2

1
] ; (31)

whi ch is independent of vel ocit y.
Equa ti on (31) means tha t in the hi gh velocity l imi t the square of the e˜ecti ve

charge is the ari thm eti c average of the square of the nucl ear charge of a pro jecti le
and square of the net charge [24]. Thi s rel ati on shows us tha t there are equal
contri buti ons from two extrem e cases,i .e. com plete neglect of bound electrons and
compl ete screening of the nucl eus.

W hen the e˜ecti ve charge Z e˜ ( q ) of an ion in the chargestate q (= Z 1 À N 1 À

N 2 À N 2 ) i s deri ved from Eq. (30), the m agni tude of screening can be estim ated
by a bound electron. Here we can deÙne the screening charge Z sc ( q; q À 1 ) by

Z sc ( q ; q À 1 ) = Z e˜ (q ) À Z e˜ ( q À 1 ) : (32)

Thi s screen charge wi ll be found to show the shell e˜ect to the stoppi ng power [19].

Here, we discuss Ùrst the validit y of the choice of wa ve f uncti on. It is seen
tha t i t is qui te reasonabl e [25] to describe the ground-state boron-l ike (1 s2 2 s2 2 p )
and carb on- l ike (1 s 2 2 s 2 2 p 2 ) pro jecti les by s - and p - typ eswa ve functi ons. The to ta l
energy of the system calculated in thi s way should be compared wi th any avai lable
deta i led resul ts but we could not Ùnd a good exampl e, so a com parison was onl y
m ade for neutra l boron and carb on ato ms. Acco rdi ng to (9) and (10), and (13)
and (14), the calcul ati ng to tal energy of the neutra l boron and carb on ato ms are
E = À 2 3 : 6 9 3 and E = À 3 6 : 0 4 6 eV, respectivel y. Ho wever, Cl ementi and R oetti [25]
calculated E C R = À 24:529 eV for boron ato m and E C R = À 37:688 eV for carb on
ato m s, so tha t the di ˜erence Â E = E À E CR = 0:836 and Â E = E À E C R = 1:642
for boron and carb on ato m , respecti vely. Thi s is caused by a rather rough de-
scripti on of the one-electron wave functi on adopted. Ho wever, the rati o Â E =E C R

am ounts for boron and carbon ato ms to only 3.40 and 4.356%, respectivel y. Fur-
therm ore, orbi ta l screening parameters for boron and carbon ato ms are 4.1511 and
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4.9021 in our calcul ati on and 4.2236 and 5.0125 in Cl ementi and R oetti ' s one [25].
Then, accordi ng to the obta ined resul ts in thi s study , we thi nk the tri al wa ve func-
ti on in the present vari ati onal m etho d is not bad. But the values of rati o Â E =E C R

increase wi th increa sing the ato m ic numb er of pro jecti les. Theref ore, i t can be said
tha t thi s m etho d does not work in heavi er ato m s.

Fi gures 1, 2, and 3 show the calcul ated electronic energy loss of carb on for
O q + ( q = 2 À 3), Nq + (q = 1 À 2), and Cq + ( q = 0 À 1) ions, respectively, wi th
vel ocity from v = 3 v 0 to v = 9 0 v 0 under the frozen-charge state condi ti on. Here,
the mean exci ta ti on energy I of carb on is ta ken to be I = 7 7 : 3 eV [1].

W e used equati ons (28a) and (28b) in calcul ati on of the electronic energy
loss for O 3 + (B- like) and O2 + (C- l ike), N 2 + (B- l ike) and N 1 + (C- l ike) and C1 +

(B- l ike) and C ions, respecti vely. In general , the avera ge radius of the bound
electron becom es smal ler wi th increasing Z 1 because i t is appro xi matel y inversely
pro porti onal to Z 1 . As a resul t, the net- charge appro xi mati on is valid for heavi er
(or larger Z 1 ) ions because of the screening of the pro jecti le's nucl ear charge by the
bound electrons. Equati on (28) clearly shows tha t the Ùrst term , ln(2 mv 2 = I ), pl ays
a dom inant ro le for large Z 1 . In other words, the ion can be consi dered as a point
charge. Thi s picture leads to the other conclusion tha t the e˜ecti ve stoppi ng-power
charge Z e˜ reduces to the net charge. As a result, the e˜ecti ve charge depends on
both Z 1 and ion velocity. The electroni c energy loss of O 2 + ion is smal ler tha n
O 3 + one at a higher vel ocity .

Fi gures 1, 2, and 3 show tha t the stoppi ng power decreasesat a hi gher energy
region as vel ocity increases. Al so, the di ˜erence between the stoppi ng power values
for boron- l ike and carb on- like ions increaseswi th increasing the atom ic numb er of
the inci dent ion.

Fig. 1. Electronic stopping pow er of carb on for O q +
( q 3) ions as a function of

velo city . The theoretical results of Eq. (28) are draw n for , B- like, , C -like.

T he experimental data are taken form Ogaw a et al. [27] and K umar [28] . For compari-

son, w e also show SRI M2000 calcula ted results [26] .
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Fi gure 1 shows the calculated stoppi ng power of carbon f or Oq + (q = 2 À 3)
ions wi th a velocity from v = 3 v0 to v = 9 0 v0 , to gether wi th SRIM2 000 resul ts [26]
and experim enta l data for l i thi um -like oxyg en of Ogawa et al . [27] at v = 2 0 : 6 v0

under the frozen-charge-state condi ti on and for oxyg en ions of Kum ar [28]. Ogawa
et al . have found tha t the Ùxed charge stoppi ng powers of carb on for 169.4 MeV

Fig. 2. Electronic stopping pow er of carb on for N q +
( q = 1 À 2) ions as a function of

velo city . The present theoretical results of Eq. (28) are draw n for q , B- like ; ,

C -like. W e also show SRI M2000 calculated results [26] . The experimental data are taken

from Blank et al. [29].

Fig. 3. Electronic stopping pow er of carb on for C 1) ions as a function of

velo city . T he theoretical results of Eq. (28) are draw n for B- like; , C- like. W e

also show SRI M2000 calculated results [26] . The experimental results are taken from

T ao et al. [30] and for He- like C ions from Ogawa et al. [31].
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oxyg en ions are 2 : 6 1 7 Ï 0 : 0 2 3 keV =( ñ g=cm2) ; 2:171 Ï 0:018 keV =( ñ g=cm 2) ; 1:797Ï

0:024 keV = (ñ g=cm2) and 1 : 5 1 7 Ï 0 : 0 2 7 keV =( ñ g=cm 2) for O8+ ; O7+ ; O6+ , and
O 5 + , respectivel y. Accordi ng to thi s, the stoppi ng power for oxyg en at the same
energy decreases as q decreases. Theref ore, the present calcul ati on results are con-
sistent wi th these experim enta l results.

Fi gure 2 shows the calcul ated stoppi ng power of carbon f or Nq + ( q = 1 À 2)
ions wi th a veloci ty from v = 3 v 0 to v = 9 0 v0 , to gether wi th SRIM2 000 re-
sul ts [26] and exp erimenta l data [29]. The calcul ated stoppi ng power resul ts for
beryl l ium - l ike ni tro gen and carb on-l ike N is lower tha n SRIM2 000 resul ts, because
in the present work, the electronic stoppi ng power for N has been calculated for
B- l ike ions wi th Ùve bound electro ns and C- l ike ions wi th six bound electrons.

Fi gure 3 shows the calcul ated stoppi ng power of carb on for Cq + ( q = 0 À 1)
ions wi th a velocity from v = 3 v0 to v = 9 0 v0 , to gether wi th SRIM2 000 resul ts [26]
and exp erim ental data [30, 31]. Exp erim enta l energy loss data for a hel ium -l ik e
carbon ion are ta ken from Ogawa et al . [31]. Agreement between the calcul ated
electronic energy lossresul ts from Eq. (28) and the exp erimenta l data is good, but
lower tha n the SRIM2 000 calcul ated results.

Fi gures 4, 5, and 6 show the e˜ecti ve charge Z e˜ calcul ated for Oq +

( q = 2 À 3 ) , Nq + ( q = 1 À 2), and Cq + ( q = 0 À 1) ions, respectively, in col l isions
wi th carbon ta rgets at a velocit y from v = 3 v 0 to v = 9 0 v 0 . From the Fi gures, i t
can be seen tha t the e˜ecti ve charge of a parti cularl y stri pped ion increa seswi th
a vel ocity in any charge state. At very high velociti es, the e˜ecti ve charge is at
least satura ted, to be consta nt given by Eq. (30) or (32). The Fi gures show the
im porta nce of the e˜ect of bound electro ns atta ched to a pro jecti le even at high
vel ociti es.

In thi s study , as a result, the ground state energ ies have been calcul ated by
usi ng hydro gen-l ike wa ve functi ons for boron and carb on ions (¿ ç 6 ). Af ter tha t,

Fig. 4. E˜ective charge of O q + 3) ions passing through carb on foils as a function

of velo city .
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Fig. 5. E˜ective charge of N q + ( q = 1À 2) ions passing through carb on foils as a function

of velo city .

Fig. 6. E˜ective charge of C q + ( q = 0 1) ions passing through carb on foils as a function

of velo city .

vari atio n param eters were f ound f or thi s. The calcul ated ground state to ta l
energies are consistent wi th the values of Cl ementi{ R oetti wi th 3{ 4%.

In conclusi on, the analyti cal expression for the electronic stoppi ng power for
boron- l ike and carb on- l ike pro jecti les in a frozen-charge state was derived on the
basis of the Ùrst-order perturba ti on theo ry and the Ha rtree Fock{ Slater m etho d.
Al so, the correcti on term ) at a high vel ocity can be easily obta ined
from these expressions. The e˜ecti ve stoppi ng power charge of frozen-charge-state
pro jecti les was calcul ated.
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