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Comparison of nuclear stopping power

Nuclear recoil energy / keV

Criticisms for LSS theory i 0 100 1000
LSS (Thomas-Fermi) gives relatively 0.5, . ——
large values both for S, and S - --""-\
compared with later models. 0al

v o01k” . Thomas—Fermi

TRM [ EZFEARFIIZEENE -2 B D YRR - $ Lenz—Jensen
0.05F ,o" ==  Molidre

P = Ziegler et al.

0.02 ' ' '
0.001 0.01 0.1 1 10
€
(b) Nuclear stopping power
However, the criticism is not essential Bezrukov Astroparticle Physics 35 (2011) 119-127

for following fact

The Thomas-Fermi treatment becomes a crude approximation at the extreme low energy

and separation of the nuclear scattering and electronic stopping becomes uncertain.
Lindhard

In this sense, almost all the stopping theory available is not reliable below ¢ < 0.01.
Xe -Xe E<10keV



Electronic stopping power for slow light particles

The Coulomb effect
the deflection and deceleration of the projectile
in the field of the nucleus.
Colliding nuclei will penetrate each other close
enough to cause ionization even at low energy

The Threshold effect

the energy delivered to e- must be as large as /.

mJ/M
Experimental evidence as well as theory show it
is not relevant for heavy ion collisions

30

1.S.Tilinin, PRA (1995)
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The measurement of stopping power
for heavy ions of low velocity is quite
difficult

The spectrometer determines the energy
quite accurately; however, the measurement
does not take contribution from 6> 0.

Differentiol pumping section

\

10 mm 10 mm 10 mm
100 mm
534 mm Jr _f
15107 Pa Target gas 15x107" Pa
L Energy analyser
lon beam .
[}
o
03-1L4 Pa
A B D £
A. Fukuda,

110—15

0 o

Z3=HE

25+ i
‘TE
£ b
€ LSS, Ne 40keV e
3 g T -~ RE 262 k)
s Ne*200 keV e s
2 -
=4 - Kr 168 Kay
b Ar'80 kel /’_/;:;:‘;:W

-
§ . —
e ’ ArL9 wey Kri02 ke )
w===""""Ne" LD keV
(He'8 keV) . .
0 He” Me” AP wre Xe”

Figure 8. Z, dependence
connected by straight lines.

2

of He stopping powers. The points of the same velocity are
The dotted curve shows the theoretical values for 1.8s theory for

the velocity of Ne™ of 40 keV.
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At extremely low energies, € <102  (Xe-Xe T 10 keV)
“the nuclear scattering and stopping becomes somewhat uncertain, because the Thomas-Fermi
treatment is a crude approximation.”

“The energy loss to electrons is actually correlated to the nuclear collisions, and in close

collisions considerable ionization will take place.”
E — aLMZ
St=S,+S,. THDHEBITIIRW, 2,72, (M,+M,)

Thomas-Fermi 72\ TR < MDORT o v /v zfiol-t DG [AIFE

J. Lindhard et al. Mat. Fys. Medd. Dan. Vid. Selsk. 33, no.14, 1-42 (1963).
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NUMBER 1 3 JUNE 1966

VOLUME 146,

PHYSICAL REVIEW

Statistical Model for the Art-on-Ar Collision*

Epcar EveruarT anp QUENTIN C. KESSEL
Physics Department, The University of Connecticut, Storrs, Connecticut

TARGET GAS

|a |b )

v
_i__,_ S L TR .

| 10w
BEAM

TARGET GAS

SCATTERED BOX

F1c. 2. Coincidence-scattering apparatus.

convenient to introduce B=04¢, where 8 is the angle
between trajectories after scattering. The effect of a
finite Q is to decrease 8 from the value B it would have
if Q were zero.

Art4Ar — ArtmArte (mtn—1)e.

RECOIL AP
T,
..'.
Ar Ar ¢ A
. - }_}_ Ar+m
&
Ts TARGET
INCIDENT |
SCATTERED

(1)

1y, V. Afrosimov, Yu. S. Gordeev, M. N. Panov,
and N. V. Fedorenko, Zh. Tekhn. Fiz, 34, 1613, 1624,
1637 (1964) [translation: Soviet Phys.—Tech. Phys.
9, 1248, 1256, 1265 (1965)]. An interpretation of
these experiments in terms of plasmalike oscillations
has been presented by M. Ya. Amusia, Phys. Letters
14, 36 (1965).
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Art-+Ar — ArtmArtr4 (m+n—1)e. (1)
excess energy losses R*
R*=Qumn— Umn
Unn 1s the deficit in spectroscopic ionization
Q Inelastic energy loss,
v=1, where By=m/2,
Q/T o= (w/2—B) sin26

2500 T T

|
Q -~ Art—Ar
—~m_ A v 400 keV
2000 -Zu\ \ ] 300 ke VvV —
~o A 250 ke V
\i\ e 200 keV
g O 150 keV |
1500 \ A 100 keV
Q ‘\ © 50 keV
eV x 2
‘U\D 5 ke Vv |
1000 |— ~=
0-—-—0———0-—___._,0
X\x
500 k_“"l "‘"l —
K L o X
SHELL SHELL
l | XX
o} 0.1 0.2 0.3

DISTANCE OF CLOSEST APPROACH, R

When atomic projectile goes hard (wide
deflection angle small impact parameter)
collision with atom, the large inelastic
energy losses occur at characteristic
internuclear distances. Showers of fast-
electrons are thrown out.

* [ | I | |
R PRESENT DATA AFROSIMOV et al.
I000|— ¥ 200 keV, 10 X 50 keV, 7.5 —
m 150 KeV, 12° ® 12 keV,38° W
A 100 kev, 10° v
750~ 0 25 kev,16’ ¥y A
R" "
A A A A
o0/ xRN Ak y g -
eV %
o
® -3
250~ B:B*Qx Xyxx X —+——Rp
Art—Ar
L]
pebed} | | ——w
0 100 200 _ 300 . 400 500 600
mn &V

F16. 1. Values of excess inelastic energy loss R* are plotted
versus Uy, which is the spectroscopic energy deficit, for several
data sets. These data are for Art—Ar collisions.

Q.C. Kessel & E. Everhart, PR146, 16 (1965)
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When atomic projectile goes hard (wide deflection angle small impact parameter)
collision with atom, the large inelastic energy losses occur at characteristic internuclear
distances. Showers of fast-electrons are thrown out.

TABLE II. Inelastic-energy-loss values Qo for Art-Ar collision
for reactions where charge states m and # after collision are both
specified. The notation T',T (or total-total) refers to measurements
of average Q wherein all particles are counted, irrespective of
charge. Thus @rr=@. The incident ion energy T, and angle 4 are
given for each data set. These are representative data. The com-
1(31&1;;: tlacl)a)les are available from American Documentation Institute

Ref. .

Tasre ITT. The relative probability .. of the (#m,n) event is
given for data sets wherein the incident energy and scattering
angle are specified. The number of individual collisions or events
in the sample studied for each data set is noted as are the average
values 1 and 7. At the foot of each data set the ionization proba-
bilities P; are shown in parenthesis. These are representative
data. The complete tables are available from American Docu-
mentation Institute (Ref. 16).

To0 "y an (eV) n,n an (eV)
6 keV, 8° .7 57+3 1,1 5543
01 3643 21 70+4
1,0 30+4
25keV,8°  T.T 9442 12 01§
0,1 27+5 1,3 12745
0,2 707 2,2 12345
1,0 2945 2,3 16747
1,1 6045
25 keV, 16° T,T= 90417 2,2b 35347
T,7% 379410 2,30 36249
TTe 613214 23 63614
11a AT4-A 2 3b AAR--A

Art+Ar — ArtndArtod (m-4-n—1)e.

(1)

=
]

LA SR -t

-

8° (=102, i=1.15, total events=309):
0 1 2 3

0.1003
0.4531

0.0453
0.0809
0.0388 0.1586 0.0227
0.0065 0.0097 0.0000 0.0000
(0.138) (0.670) (0.184) (0.008)

5 keV, 16° (.=1.89, fi=1.73, total events=_379)s:
m= 0 1 2 3 4
0.0312 0.0165 0.0188 0.0029
0.0162 0.0939 0.1684 0.0377 0.0029
0.0091 0.0807  0.0085

0.0000
0.0000
0.0000

0.0841
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Fic. 2. Number of ejected electrons in Ar-Ar* collisions as a func-
tion of distance of closest approach. Source: See Ref. 4.
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Q.C. Kessel & E. Everhart, PR146, 16 (1965)
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ASHFNRFERNERE PSOVEREHTOKX
SHHELA)ZRCT & FEDKEERTKRETE

BEEEAMNEDY . HEOEFIBREEINS, A"
BEERENENE(v, <<Vv,), EFITEHETHEF 'g:g;

B OREDE LIS BRTE S, oy @
— BEMES FHBERRT 5. (MO's) Molecular Orbit (MO)
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1 DD FHEIZWE=EFE. HEORIZLOHEEIZ

SN D, BRE. TOIMEIZIEZEALIEESND, T e K
NEBDHE-0. FA—P1—BEFPOAFAKRBEEINS, Y
1000 l L - | L1 .1 1
Kr .01 .02 .05 I ;Qzlo.u}'s—-l-.-o 2 5 10 Ar+Ar
AN FEERITRNR RO EIZFE LT, Ar-Ar 2D FEED TR )L F—HENHL
(H,*-like).
O.C. Kessel, E. Everhart, PR146 (1965). U. Fano, W. Lichten, Phys. Rev. Lett. 14, 627 (1965).

J. Eichler, Lectures on ion-atom collisions.
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Fic. 2. Crossing
of potential curves.
Two potential curves
for the states s’ and
§ may Cross in a cer-
tain_ appﬁruximq,tic':;n
In a higher approxi-
mation, the curves
repel each other. If
the atoms approach
each other slowly in
state s, an adiabatic
transition from s to
s’ will occur. If they
approach each other
rapidly, a diabatic
transition from s to s
will occur.
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FIG. 3. Correlation diagram for the Ar + Ar system.
The effective single-electron potential used in the cal-
culation was constructed from the atomic Thomas-Fermi
-Diraec potential given by Latter (Ref. 19). The meaning
of the symbols is the same as in Fig. 2.

INTERNUCLEAR DISTANCE (a.u)

FIG. 5. Correlation diagram for the Xe + Xe system.
For further explanations, see captions to Figs. 3 and 4.

by Green et al. (Ref. 17). Gerade and ungérade orbitals
are shown as solid and dashed curves, respectively. Tl

rules of Barat and Lichten. The height of the potential
barrier between the two nuclei is given by the dot-and-
dash curve. The region below this curve may be called
“atomic” and the region above the curve “molecular.”

U. Fano and W. Lichten, Phys. Rev. Lett. 14, 627 (1965).
Eichler PhysRevA.14.707 1976
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WAVEFUNCTION

ELECTRONIC z-COORDINATE (a.ul

FIG. 8. Adiabatic 20,
and 30, wave functions
along the internuclear line
(z axis) for the Ne + Ne and

[ Ar +Ar systemﬁ]in the vi-
cinity of the pseudocross-
ing between the two orbi-
tals. The internuclear se-

Eichler_PhysRevA.14.707_1976 paration is denoted by R.
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TasLE I. For several typical data sets the measured values of P;, mn, and Qp, are compared with values predicted
by the present model.

;P{ f;mﬁ an,GV
0,0 i Data Model Wy Data Model Data Model
50 keV, 15°, 109 eV 1 0.007 3,3 0.067 0.090 685425 664
2 0.057 0.051 3,5 0.061 0.062 814418 787
3 0.285 0.300 43 0.132 0.126 745420 729
4 0.427 0.420 4.4 0.181 0.176 805416 794
5 0.200 0.208 4,5 0.077 0.087 86117 852
6 0.025 0.019 5,5 0.030 0.043 915425 910
5,2 0.016 0.010
6,4 0.009 0.008
2,4 0.023 0.021
3,2 0.012 0.015

-

500 E 700 ey 900 1100

F16. 4. Tonization probabilities P; are plotted versus the energy
E per atom in Ar*t—Ar collisions. These values are derived from

the data with the use of the present model. E. EVERHART AND Q. C. KESSEL
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/ Differential pumping section

§
10 mm 0 mm 10 mm
100 mm
535% mm J.- —f
15107 Fa Target gas 15%10™ Pa TARGET GAS
Energy analysar
lon beam .
il
0
03-14 Po N
A B D t
TARGET GAS
SCATTERED BOX
A. Fukuda,
J. Phys. B: At. Mol. Phys. 14 (1981) 4533. Ny

BH I REFEBR O I E

F1G. 2. Coincidence-scattering apparatus,

Q.C. Kessel & E. Everhart, PR146, 16 (1965)
JRF T2 FEER DAL &
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