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Abstract
In order to compute impact-parameter-dependent energy losses, two
extensions are needed, the orbital motion of target electrons (shell correction)
need to be incorporated before instead of after integration over impact
parameter, the spatial distribution of the target electrons needs to be considered.
Unless stated otherwise, the term “shell correction’, when applied to impact-
parameter-dependent energy losses, implies allowance for both the spatial and
the velocity effect [1].
1. Introduction
The impact parameter defined as the perpendicular distance between the
path of a projectile and the center of the field created by an object that the
projectile 1s approaching, The problem here 1s that in the absence of binding, the
position of the target nucleus does not enter the formalism, the definition of the
impact parameter invokes the position of the nucleus. Therefore we need to
redefine the impact parameter the interaction with a harmonically bound target
electron [1].

2. Theory

2.1 Impact Parameter to the Moving Target
The orbital motion may be characterized by [1].

Flt) = 7, gttt =ts) )
F{t) = fou Fetit—te) (2)
= § elvl oty 3)
With #, = iw7,. For t = t, we have approximately a straight-line motion
F ()T, + B 1) )

Where {, the time of closest approach between the ion and the target nucleus.
Now we consider an arbitrary orbit, which for ¢ = #; can be approximated by a

straight line, equation (4) with real parameters r, and v,. In a reference frame
moving with the projectile the electron trajectory then reads

FO=8+&(t 1) (5)
S=%, (6)

[T
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W=, U (7
Where p 1s the impact parameter when the nucleus of the target is at rest and 1
1s the projectile velocity.

With this, the 1on-electron impact parameter (g3 1s found by projection of (s) on
the impact plane defined by the ion and the target nucleus [1],

p=§- G5 @®)

With & = &/, &4 =1

¢ 1s the impact parameter to the moving target.

Having thus defined an impact parameter, we may compute the ion-clectron
energy transfer 74 (w,#) in a reference frame in which the target electron 1s at
rest. This is accomplished by classical scattering theory employing the
interaction potential as Eq. (9).The transformation from the target frame to the
laboratory frame 1s accomplished by multiplying 7, by a factor |v -e: | (—v ¢a) /
Vot according to reference [2]. With this we find the shell-corrected, impact-
parameter-dependent energy-loss function.

T{vpi= [d*w, [drfiv, .rn) X v jd’

¥ T
Where f (v, , r.) 1s the distribution in phase space of the target electron under
consideration, normalized to 1. Integration over d°p leads to the well-known
relation between the stopping cross section S, (v) for a target electron at rest and
S (v) for a moving target electron [2, 3].
A final step, 7' (v, p) needs to be computed for various shells or subshells,
characterized by binding energies U and I-values i and weighted by bundled
oscillator strengths f as described in reference [4].

2.2 Asymptotic expansion
Since the impact parameter (p) 1s orthogonal to the projectile velocity {1}

Tofw. B) )

it 1s convenient to split all vectors into their transverse and longitudinal parts, in
particular [1].

= (Pes Ze) s Ve = (Ue, Ne) (10)
Where p. and u, are two-dimensional vectors perpendicular to v.
From equatron (8) we find

YP_ - L} '?3 - Zﬁ - {S L{}}n_,z ;S _ S Cﬁ:}bf_}}’
= s.s—{s, B (5. 82 +(s. &) (5.55),
: o — 7 1
= 5_ _{Sw}é - 2
G
52 = ; fon?s® — (5. 0331 an

And after insertion of the above definitions of {2} and (s ) and expansion in
terms of u., #., p. and z, one finds [1].
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The trick in this type of Taylor expansion 1s reduce everything to binomials of
the type of

(1+X)°‘=1+an+la(a—1)X2+ ......... : (13)
For arbitrary e, Eq (11) can be written as:

2 3 2
;ﬂ*‘ = @ )

s == —{—.— 14
'pz e (\m nd ( )
We can write
s pr-2pr,+rZ
}‘32 o .pz

(I5)
— 1Pl %
< r’: pz
with
’ pp
:F 7
i — _E + _*‘;
[ v P
— % — -1/2
b _ _v+e](1_zv o, v;]
w v 1 v v v
. De U
w=———
v v
|8 = (@)
thus, o
. ¥ Ty {E,
ar - (3-8 (29
L T AR
“\._ (s e’.' “\ ¥ e’” “\.p e’”
According to Eq. (13), the last factor reduce to
PN VS . 2 L 2 N
(1—20U U;] = —1(—20.02+U;]+3(—20.UQ+U;J +.
v v 2 v v 8 v v W
When done, will get expression of the form

r2
pz =1+4 +4, +...
P
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Where A, is a term linear in #, or ¥, and 4. quadratic term. Applying Eq. (12)
again will find
' | 1
% =1+5(A1 +A2)—§Af +
Where term of higher than second order have been ignored [5].
Alfter insertion into Eq. (9) and expansion including the - dependent term we

finally get,

Tg = g +:—( 1+- 1*———3:}—\}+ ?3,3 : ﬁi+
L
(16)

Up to the second order and the term containing 77,5, has been dropped.

2.2.1 Determined the contribution
According to Eq. (16) assume that,

Ta:{:( 1—:?—-——;& J}T{i ) (17a)
I = Ee 2] (o) (170)

T

E S P "

N Ei —= {1 .«:? gt
7 F \p Bp 5

.}’r (e, 0) (17¢)

A simple formula of 7,(v, p)|6].
Tolv,p) = FZe7¥0 (18)

Where (a)1s a parameter determined from the fitted output data of program Caps
[7] (Convolution approx1mate stopping power). 5,{{} Can be either used from

Bohr's formula or Bethe's formula with stopping number.
Apply Eq. (18) on Eq. (17), one can all the contribution in Eq. (16) (For details
see appendix A). According to contribution 1in Eq. (17), determined the value of

Sgt £33

(T, ., Ty and T,).
In Bethe formula,

ApZiF e 2
Selvy= : - H—

my - fla
A
=— 1

e

4“2‘%2’;@4 2mys
Let A= = =In—

m Fiiw
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From Eq. (17a) we can take the value of T,

e e ]

4t S gt 5._?
Where
gl, —2 24 7"
— =—T.{v.p}+— -
A % o(v.p * Pmg’
a7y i~
- rp‘""» .I'?e 3 ] t— 1
op ol ?}}( & }
a AT,

97,
Insert the value of ™

_
T, = {
1-“

From Eq. (17b) we can take the value of 7,
i_ 8T,
Iy = {E e E}}

and oy in Eq. (17a) get on

&

Where
8T, 2 . 28T, Bdev®
arr 1_?} (v.p) AT vt 2ma?

2 e

7
Insert the value of é;’l mn Eq. (17b) get on

: {1_ ;2 4 1T, 6 T,
L= 17, (56 +—T

=i ~ —}_}
M e A L

Nl Y 12

From Eq. (17¢) we can take the value of T,

—i_-z iﬁ_,_ i }
TC N Li Pe {p Sz 5 Bpi')
where
BTy . (
P TQ{L v J and
a° Tu
e — Tf\"‘-?,’.‘_-
dp® {42 o L0,
Ty 'y
Insert the value of e and 3z 1 Eq. (17¢) one can get,
J e

T —EE o L l
¢ L‘ipfapat" oo }

A program (IshraqT0) has been written in Fortran -90 for numerical calculated
using Compaq Visual Fortran 6.6 for compiling and executing program |8].

795 Ol 22 ¢ 19 daall ¢ Lpesbuadlt Gy il 448 Alaa




Impact-parameter dependent of moving nuclei target .. :
Dr. Riyahd Khalil Ahmed Ishraq Ahmed shaklr

3. Result and discussion
Figure. (1) Shows comparison between energy loss 7, as a function of the

impact parameter wp/r for H in Al at (a) 2Zmv~fhw =10 and at (b)
Zmr® oo =30.

Figure. (2) Shows the contribution of 7_, T, and 7, as a function of impact
parameter wp/v at different values of Zmuv?,/ hew, ie., at a velocity where the
shell corrections are significant.

At large impact parameter the contribution of shell correction is nearly
vanished, also the lateral velocity correction nearly cancels each other in the
small impact parameter. The contribution of small correction decrease as the
velocity of incident proton increase i.e., 2m1?/fics. This implies that at large
impact parameters the spatial correction dominates.

Figure. (3) Shows the energy loss for the uncorrected term T {w,p),
uncorrected terms from Bohr and energy loss TCasp as a function with impact
parameters, for Hin Al at (a) 2mv®/fw = 10and (b} Zme®/ha = 30
Assume T; 1s the value of 7 but ignores the velocity correction, . = 0, 75 1s:
. =T, +1T{Bohr}—T,{Bohr}]

In T,{w,p} the complete shell-correction (including the velocity
correction) 1s determined for the Bohr Stopping function and added to
uncorrected T-value. Finally 75 1s given by the following Eq.:

T, =T, +iT{Bohr} — T,{Bofr}]

In 7; {w, p} a velocity correction based on the Bohr Stopping function is
applied to 75 {7, pj [1]

Figure (4) shows the three values of T {7,,7, and T, ) with ep/ v for H -
Al at Zmv?fhe =10 and 30.There is a minor difference between them at

wp/r>1 and a major difference at «wp;/1r — Dthis agree with Sigmund
2010[1].
| H - Al
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Fig. (1): Comparison between energy losses Tﬂ as a function of the impact parameter {a3}? ,f:b‘ for H in Al
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Fig. (2): The contribution of Tw Tﬁ and T as a function of impact parameter @wp/v forH in Al at

different values of 2 ¥72 v /i e
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Fig. (2): The contribution of T Tb and T as a function of impact parameter cop/v forH in Al at
different values of EH’!U iﬁ,{d
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Fig.(3): The energy loss for the uncorrected term Tﬂ {'yg p}, uncorrected terms from Bohr
and energy loss TCasp as a function with impact parameter, for Hin Al
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Fig.(3):The energy loss for the uncorrected term Tg{‘l{. p\} , uncorrected terms from
Bohr and energy loss TCasp as a function with impact parameter, for Hin Al
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Fig. (4): Shows the energy loss T;,T2,T3 versus with impact parameter for Il in Al
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Fig. (4): Shows the energy loss T,T>, T3 versus with impact parameter for H in Al

4. Conclusion
1. Equation (16) can be used to calculate the energy lossT (i, p) versus impact

parameter of heavy 1ons for any target at low velocity (v << 2Zv) and high
velocity (v = 24v,). Taking in the consideration moving of target nuclei.

2. Needs to use energy 7 (p) for close and distant collision rather than suggested
formula from Schinner [6] which 1s given in Eq.(18).

3. Studying the effects of charge exchange.
4. More corrections must be taken into consideration like shell correction,

Barkas effects.
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Appendix (A)

Contribution of equation (16)

In Bethe formula
L. AmZiZ et 2my?
5.1 = = In—
my - e

. i
dmes
Let [=1In— A=

Heu b 42

z 4
dmiy 5 e”

¢ e
ax, —Z4A oA dL
= —4%L 4 = — (AD)
de ¥ g dy
a1 Im 2y s
= o (A2)
v Bup v° 2m
Insert (A2)in (Al) get
ds, —24 A Z2miv he
= L+— - :
4 p? v R v 2m
_2 }4 2}4
== = L + =
qu‘ -1:1.‘\
4%, = —32 24
- = S:{v — A3
e 1 ﬁ( } + p? ( )
- Y i._vxﬁ s i e
Livp) =2 e (18)
3T, & P gs,
= = = A4
Fur 2mn’ 4w (Ad)
Insert (A3) in (A4) get
a7, e ¥e {—'25 Eﬁ]
§:t: 2ma® Lv 7%yl _
Safv) a-via 4 24 e 2
T p Zmal v Fral
—2Z 24 e F ‘a
= —Tiv,pr+ = AS
¥ G | p} + g2 Trac ( )
And
3 . . ‘ - —pfa
=T lvp}—————— - A6
due w2 ‘ﬂ (v 3-3) ¥ e ¥® o2mac (A6)
Iy _ 50 o (__1\
dp  Zra? i 7/
AT =1
—= =T { 23 \‘ i
=T (T (AT)
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T, 13T
Insert (A7) in (A8) get
Ty 1 s A
e = 2 lelP.p) (A9)
T'o determined the value of T, T, and T,
=5Z 1 1_ ,
T, = { ( ~Tp+-v ~p )} (A10)
Insert (AS), (A7) in (AlO) get
T ﬁ:,:: 1 T + 1 (_2?’ i ol
e =107 o 21.({1"’ I
5
— '_-5.:‘ f x 5 ﬁ € 7
Y (\ T T 2 g2
_i5 Ter‘%Ts%i__?ﬂ
s (\ BOTR T pIg, 4 pa;}
i ( T, JAL )
= —f. —iqnp T i —a — HB—
Y% T Tt A, 40 g
AN 2y /
A_._‘( T-g_TG-'1~w\'
I P S A A ey
To find 75,
1, AT,
Tp = {; 2 5, g} (ALD)
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To find Tﬂ.
L=[p( T+ 5T (A12)

as

Insert (A7) and (A9) in (Al2) get

:{1 HENCEESS])

1 "_Tﬂ Ty
- (L)

i) g ASsa o adinall adbadl felas
taal a8 (a0 6
SUs deal (3l
ol sl and _a glal) Ll 4 paiical) daalal

LAl

Aoal ga JVh Al o o adieall Al Jalee Cilus dab (e cpddaid 2las
alall delee Slo QoS an e Liase 383 (o) pmeat)oingd cilis SN 4l
Olae¥ A g o) camn cangdl il }sﬁz S sl e
Oy Bagiiad) ALl o acimal aolad) Jalea oo Bukay Ledie 508 et @iy Cidlag
Aol il il @J}J\ e 9z Lendly
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