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Åbstact

This review surveys the theoretical approaches on the stop-

●

ping power Of the c7:1arged particles penetrating through matters.

=n view of our interest, the particular attention is paid to

the problems of the energy losses of projectile ions in hot and
■

dense plasmas in the study of inertial confinement fus･ion (ICY).

General physical and mathematical treatments are also outlined.
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§ 1. エntroduct土on

P

The problems- of energy deposition profiles by ion beams and

their effect of target materials are of decisive importance in

practiceJof the inertial confinement fusi甲(=CF)･ Especially

the stopping Power Of =CF target materials plays an important
●

role in the achievement of nuclear fusion L･eaCtions. The

theoretical treatments of the stopping power and the straggling
●

phenomena in hot and dense plasmas, however,are quite difficult,

compared with those in the cold plasmas′and very few上heoret土cal
一

bas ら have been established yet. ℡he proコeCt土1e charge states

are also difficult to dete1.mine from the viewpoint of

experiments.

=n this article, our main interest lies in the stopping

power of the charged particles in a high density and high

temperature matter. =n addition .
we describe the theoretical

methods of stopping power Calculations in the dilute plasma and
■

cold matter in order to extend the theories to hot and dense

plasmas.

Several experimental results will be also shown in this

article for the comparison with the theories of stopp,i-ng power aS

references.

=n order to represent the methods of approaches which are

applicable to dif宕erent plasma conditions, we display the

cond土t土ons based on the ideas of Ar土sta and Brandヒ

(之7)
in Fig･1･ The parameter x2… e今触vF

measures the ratio

between potential and kinetic energies of the e1'ectrons in a

degenerate electron gas. Nondegeneracy can be included in this
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parameter through the expression x2-

Tk(Ti･ヂ昔.where v-e2/rsa., the mean kinetic energy

汰-茎mvt孟-;-EF･2-kT
; 孟EF-

mean kinetic energy of a fully degenerate electron gas,;

mean kinetic energy of a nondegenerate plasma･･EF=l･84/rs2 the

Fe土mi energy of the electrons in atomic units. =n Fig.1 the

plasma conditions are shown in metal(M), the sun, and.artificial

plasmas of interest for nuclear fusion in the con七ex七 of iner亡ial

confinement plasma (=CP) and magnetic confinement of plasma(MCP).

The line denoted X2 =1 separates 七he conditions in strong

interacting plasmas from those in weakly interacting plasmas.

For the dscription of the energy loss, the lines v =vo and
e

ve=vo/3 indicate the transition region between the plasmas where

the classical theories are used ( the lower right-hand quadrant)

and all other plasmas where quantum-mechanical descriptions are

appropriate･ Below the line e
≡kBT/EF=1･ the plasmas are

degenerate or cold, meanwhile above the line they are

nonde9enerate Or boモ.
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§ 2. Basic Concept of Stopping Power Theories and The Key

r

Theories of Charged Particles through the Media

■

Stopplng power is the property of target substances that

decelerate charged particles traversing them. Physical

processes of deceleration of charged particles are mainly due to

the excitation and ioni2:ation of electrons in the materials.

■

When proコeCtiles are slow. the nuclear collision takes a part in

七be de℃:elera七ion processes. Stopping power processes have been

considered and formulated in two ways. (l) The one is based on

the concept.of charged particle collision on atoms or molecules.

(2) The second is based on the concept of interaction of incident

charged particles with dielectric substances.

The stopping power ..S
defined as the amount of energy loss

●

of incident charged particles per unit length along their track.

usually denoted by (-dE/dx).

IJet uS COnSider the case where a charged particle of a

charge Zle With a velocity v is injected into target materials

with Z2 electrons ( in art atom Or a mOlecllle ) with density n

per unit volume and collides with them. 工f the velocity of the

particle exceeds the electron thermal velocity vth=(2kBT/m)1/2 in

the target plasma. ( vHvth). the stopping power is given by

dE 4TrZ壬el nv z2
一 ■

i

dX nv8

1n^(vth,Zl )

Conversely, for low velocities ('vHVth )

---滋竺望^'vth･Zl
i

dE

dX 3 (2kBTe)3/a
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Here the expressions for low or high temperature limit are given

by eqs.(89) and (90) in Ref.(56).

The collision logarithm ln^ can be expressed in each case

by using either classical or quantum-mechanical approximations.

工n the 土mpact parameter description the result becomes of the

form

1nA- ( bmax/bm土n ). (2.3)

where b and b . are the values of the maximum and minimum
maX mュn

impact parameters, respectively.

These approximation values are represented in Table I following

the Ferrariius and Arista analysis.(56) The classical and the

quantum-mechanical results are separated by using the Bloch para-

meter(71
)ち

=bcL/bQM=Zle2/hvr;
bcL denotes the impact parameter

given by the classical approximation and bQM given by the

quantum-mechanical approximation. The transitions between these

two expressions are described by the collision logarithm in

classical or the quantum-mechanical approximation.

=n Fig.2, using the Ferrariis and Arista analysis of ln^

for the energy loss of ions, we illustrate the method of descrip-

tion of the stoppユng Power evaluated for Zl=1 in generally

applicable conditions. The classical approximation for the

energy loss is apt-Jlicable to the cases of intermediate projectileO

velocities, vth(V(ZIVo (CL2), as well as low velocities,

ⅤくvthくZIVo (CI,1)′ at low temperatures･ On the other hand′ the

quantum-mechanical approximation is applied to high velocities,

Ⅴ'vth'ZIVo (QM2), at all temperatures as well as low velocities,

ⅤくZIVoくVth at high plasma temperatures･ Here vo denotes the Bohr
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velocity and vth =(2kBTe/m)1/2
the electrolli thermal velocity･

The transitions between these corresponding cases are described
P

as lltrans土t土on reg土onll. All these approximations are contained

in the collision logarithm in the stopping power formula. The

-でrows in′Fig.2 represent the directions of increasing(千.+ )(or

decreasing(1 , +)) ion velocity or increasing (or decreasing)

plasma temeratures. For instancei by increasing the temperature,

with a fixed ion velocity vHvth , We gO from the classical 1ow-

temperature case, CL'l
,

to the quantum-mechanical high-temperature

limit, QMl. Thus we can evaluate the stopping power through ln^

by means of application of the results of Table = and Fig.2.

The stopping Power Can also be considered as the energy loss
●

of an incident charged particle due 七o d土electr土c response when

.it
transverses with high velocities v.

The slowing down process in a partially ionized matter

generally is due to the contributions of bound and free electrons

in plasmas. -We will take into account the.se contributions as

the bound and the fi-ee electron effect for the stopping
●

processes. Furthermore, in the energy deposition problems, the

collective beanL-target interactions and beam density effects also

should be taken into account.

On the other handl the effective charge of projectile ions
●

plays an important role in the stopping power calculations.

Effective s七oppln9 pOWer Charge will be de`ヒermined by a balance

of charge-changing PrOCeS?eS in a stopping medium･
●

We give a Summary Of these treatments of the stopping power
●

over a wide range of energies. densitiesl and temperatures in

Tabie ==. Literature sources cited correspond to the reference
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numbers. The classification of the stopping power theories here

can be made in the follo☆ing way.' (A) the approach based on the

●

contribution of bound and free electrons in plasmas to stopping

process, (a) the energy loss of an incident charged particle due

to dielectric response in the polarized target medium, (C) the

method based on the kinematically described collective equations.

(D) the description of collective, vicinage and beam-density

effects on the treatment of the Lstopping power, (E) the analysis

of experiments and model calculations of the stopping Power and
●

the effective charge comprised in the stopping power theory, and
●

(F) semiempirical formulas of the stopping power and others.These

approaches from A to F are related one anoヒher.

The following illustratjon represents our summary of the

stopping power theories and ヒhe て･三Iations between the way of
=

theories. Thus, the key theories of the stoppj;Thg power are

tabulated in Table ==.

●

7
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Sn = nucle紐s七opplng Power
●

ss
= stopping power based on the Lindhard, Scharff, and Schiot題

S

S

5

S

S
I

く

L

ち

∫

b

e七be
= S

ion

工)
*

q

iii

= stopping Power based on the Bethe theory･

topping power due to free electrons.

stopping power due to bound electrons.
●

= ion component of stopping power.

ニaVeエーage ioni2.a七ion po七en七土al.

=effec七ive charge of projectile ion.

=average equilibrium charge of proコeCtile ion.
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蛋3. Contribut.i_on of Bound arld Free.Electrons

in a Plasma to =on Stopping Power

The energy loss of projectile ions in matter is
■

primarily due to the processes Of ionizaヒion and exc土tat土on of

the bound electrons surrounding the nucleus. These processes

depend strongly on the electron density, temperature, and the

ionization state of the matter. For very low inciden七 ener9ies,

high-Zl ions and high-Z2 targets, it is necessary in the slowing

down of the ion to 土nclude the stoppln9 due to the elastic

Coulomb collisions between the ion and the 七ar9et nuclei. ℡he

nuclear Coulomb stopping power is given by the empirical form(l
)･

●

ト豊)n=cEl/2exp[ -45･2(
c. E )0●2777】. 【MeV/(g/cm2)](3･1)

where R= Px. EニE/A[MeV/amu].

cl
AI A2 (Z21/3 + z22A)-i/2

(Al + At ) ZI Z2

c =4.t4Ⅹ106 (
2.1

′

Zl. Z2

Al + A之′ l
A2

)1/2(z至/3 + z茎A)-3/4

Al (Zl) and A2 tZ2) represent the atomic weights ( atomic

numbers) of projectile
ion and s亡oppin9 medium.respectively.

The theories of the electronic energy loss are usually based

on the Bethe equation to describe the stopping power due to bound
●

electrons for high energy ions. On the other hand, for very low

energy ions, the LSS model (Lindhard,Scharff and Schiott)(66) is

appropriate. ℡he electronic portion of this theory′ assum土n9 the

Thomas-Fermi description of the electron clouds of the ion and

the stopping atom, is given by the form:
l
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i%)LSS
-CLSS /E

,

whereCL占s-R(EL/1･602Ⅹ10T9)1
/2/(RLXIO4)【KeVl/2心m】

EL=(1+A)ZIZ2e2/(Aa) [erg]

a-o･4683iZ亨/3･z…/3)~1/2Ⅹ10~8
[cm】

RL=(1+A)2/4TAna2 [cm]

A-A2/Al , and

o.o793 Z圭A ziJ5 (i +A)3/2

( z書/3 ' z22/3)3/bA圭′2

(3.2)

The validity of this model is restricted by

Z]/3,137x6
( β =Ⅴ/c･).

The basic slowing down processes based on the Bethe theory

involve the excitation and ioni2:ation of the atomic bound elec-

trons. The Bethe equation(63) is usually written by

卜普)｡ethe-
4 TN.(q*)2p e- z2

_i [1n
2mc2β2y2

C

mc2β2A2 く工〉 -B2-!
と-i],(3･3)

i .Z2 2

★

where No is the Avogadro number, m the electron mass, q the

effective charge of ions, 6 the polarization-effect correction

term, (I) the average ionization potential and

sum of the shell correction terms, and y =(1-

三 ≡･
1 Z2

6･'･)
1./2

denotes the

The ionirzation potential in =CF plasmas has been discussed
(1)

using a scaling formula(2), the local oscillator model of

Lindhard et
al.(3･4'･6･67I(LOMm.del),

the generalized Oscillator

strength(GOS) for (Al ions)(5,6) and the augmented-Lou(A-Lou).

Figuies 3 and 4 show the results｢= of the stopping power in A1
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and Au obtained by these models.

Then stopping power due to the bbund e1.ectrons in cold

materials is expressed
.as:

'%,b=min['%'Bethe, '%'LSS'･ '%'n,
{3'4'

where the minimum value in dE/dx is chosen.

★

An important quantity here is the effective charge q of

the incident ion beam passing through the stopping medium. Since

★

the direct measurement of q is impossible, it has been found

usually from the measured stoppln9 pOWerS On the basis of

eq.(3.3).

Mehlhorn(l) used the expression of q*given by Brown and

Moak:(69)

★

q =zl [1 - l･034 exp[-(v/vo)/ ZO･69] ]･ (3･5)･

where the Bohr velocity vo=2･188Ⅹ108 cm/sec･

Meyer-ter-Vehn and Metzler(7,8) used the semi-empirical for-

mula found by Nlkolaev and Dm土tr土ev=(68)

q*=zl【1+( Zlα vo/u )i/k 】-k (3･6)

with地e parameter α =0･45′ k=0･6′ and vo=3･6Ⅹ108 cm/s and

u=【 v2 + (vth)2 】1/2･ where vtb=(2kB-)1/2
is tbe七bermal elec-

tron velocity and kBT the temperature of the target materia1･

Some other least-squares fits to the effective charge have been

published by Betz(73) and Ziegler(70). The experimental effec-

tive charge Of an 土on in the stopplng material is usually infer-
●

ヽ

red by comparing the stopping power S of high-Z ions to that of
=

protons sp at the same velocities by

1･1



s= [ q* (v)]2sp(v)･ (3.7)

{As
an ion beam h･eats a targetl Such as the ablator of =CF

target, the target material begins tO be ionized. This

ionization results in the production of plasma free electrons in

■■′

the target. The slowing down process Of proコeCtiles in partial-

1y ionized matter (plasma) is due to both the bound electrons and

free electrons.

The plasma free electrons contribute to the stopping Power

by the effects of the binary collision (rくrd) and plasma oscill･a-

tion excitation (r>rd)I Where rd=(kBTe/4 ne2)1/2 and n is the

free electreon density. Following Jackson-s theory(71)∫

Mehlhorn'expressed the free electron stopping power in the form:
●

(i)f-
wp2 (q*)2e2

C

G(ye) 1n㌔ ∫

where

G(ち) =占rf(/E)
- 2 /(ち/7T) exp(-ら).

V

ye-β2/β呈-(mc2β2/2kBTe'･ β書て,

Af=
0.764β c

bminu
p

(

bmin =maX(
e2zl れ

A12u2 2A12 一言

u2=

p

(3.8)

4∬ne2 q2

m

■■■■-

u means the average relative velocity between the ion and the

target electrons. q2the average ionization state of the target

atoms′ and
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AI A2

A12=

Aユ十A2

Meyer-ter-Vehn and Metzler(7) discussed the minimum impact para-

meter bmin in ln^ using the fouowing electronic stopping power

equation:

普--9ei-D-･ ln(

☆

max

b .

′ ′

mュn

(3.9)

where n=(P2Z2/A2mp )土s the electron density with the mass

density P2
, the charge number･Z2 and the mass number A2 Of the

ta･rget atoms, mp the proton mass･ The minimum and maximum

impact parameters are 91Ven by

bmin- maX (

b = (
maX

q e2 七

m v2
,

mv

for bound electrons

for free elect∫ons.

For the average ioni2:ation potential, Meyer-ter-Vehn and Metzler

used the expression

七芯=9Z2 (
1.1･8/Z呈/2

)exp【2･7(q2/Z2)2] ev･

The dominant stopping meChanisms are energy loss due to binary

coll土s土ons with electrons at distance rくrd and due to plasmon

exc土tat土ons at distance r〉rd･ ･

However′ the bound elec七rons at

distance r〉rd also contribute to the energy lossコuSt aS the free

electrons do. They pointed out that it would be incorrect, for

most heavy ion applications, to use the quantum value bmin-71/(mv)

which leads to the Bethe'stopping formula･The choice for bmax= v/3

(for bound e1･ectrons) and bmax- Ⅴ/ wp(for free electrons) in-

13



eludes binary collisions as well as plasmon excitat土ons.

Furthermore, a similar expression as shown in eq.(3.8) can

be written for plasma土on component of the stopping power(1)･

r

●

★ _

･i-･牌(号,
u2,

dE

dX
-■■

where

yi=

AAiETi
I

Ai =bmax/bmin･

bmax=Debye radius

b .
≡

mln

and

A12_

=( Te/4TTne2)1/2,

A 12 B! m c
2

1 p

zI Z2 e2

AI A2

Al + A2

G(yl)1nA
i

′ (3.10)

This plasma ion contribution to the stopping POWer becomes appre-
●

ciable only at bi9h plasma temperatures. For example 土n the

energy deposition of 3.5-MeV α -particles
in the compressed core

of an =CF pellet, the plasma ion stopping power Can Play an
●

significant role(1).

Therefore, the total stopping power of projectiles in

plasmas can be written by

昔-(昔)b ･

(普)f
･

(忍)i .
(3.ll)

According to MeyeL--ter-Vehn and Metzler, the total stopping
●

power takes the follo'wing form=

｢~~~■::ニコ

dE

wee-Gf,三【三r-f(':qI2x'eSxb,'(瀦G,三Ⅴ:'.'stht三nsdfs
′f.r

the temperature

dX Z2
(3.12)
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dependence of the Coulomb cross section 土n the case that the

thermal electron velocity vth becomes comparable or larger than

the ion velocity v. A similar formula is also givenby Mehlhorn

et al.(6) in the case of proton stopping power equation as

宕ollows;

dE
r=: 巨⇒

dX

where

Lb= 1n

Lf=G(ye)

4TT Nop eヰ

mc2β2 Å2

2mc2β2y2

(I(q2Z2))

E
ln訂｢

where A2土s
p

the

i(z2-q2)Lb
+ q2Lf ]･ (3･13)

C.

-β21一室･宕′

atomic weight and q2 is the ionization state of

七be target atom.
1

The light-ion energy deposition and implications in the

ionized materials for =CF targets are given using the practical

scaling formula of the stopping power 6y widner et a1.(21

The individual components ( free- and bound-electron contri-

bution) of the total stopping power can be seen in Fig.5, where C

ion passes through a partially ionized plasma of Au at T
=200 eV

e

and l亀of the solid density. ℡be deposition profiles of 10 GeV

Bi ions in d土王ferent materials and at various temperatures

relevant to pellet fusion(7,8) are shown in Figs.6-8. Figure 9

displays the depos1ヒion profile of 2 MeV protons in Au as a

function of the electron temperature(l,2). The range of 2 MeV

protons in gold at tbe七emperature of 100 eV is only about one

half that in the cold target. At higher temperatuf'es, as the

free electron. component becomes more dominant; the Bragg peak

15



disappears. As an example of light- and heavy-ion fusions, the

dependence of the range of 2 MeV protons and 10 GeV U ions on the
t

●

density and temperature of an Au-ablator is compared in Figs.10-

ll. The range lengthening in Fig.10 and conversely, the range

一′

shortening in Fig.ll are illustrated. This is because the ion

velocity B=0.065 for 2-MeV protons is typically less than the

electron thermal velocity. while 10-GeVロ土ons (β =0.30) are

relatively swift compared to the electrons 土n 七he ablator

plasmas. As shown in Fig.ll, the decrease in tbe土on range With

decreasing the material density at a constant temperature ref-

1ects the increase in the degree of material ionization.

§ 4. Stopping Theory due to Dielectric Function Formalism

A charged particle passing through. an ioni2:ed medium will

induce the.electric field by polarizing the medium･ The induced

electric field will then act back on the particle, resisting its

motion, and cause it to lose energy. This field is related

to the dielectric function E化′W ). Nardi et a1.(9,12) ,

Brueckner et a1.(13) and Mehlhorn(2) expressed the energy losses

divided into two groups: electrons bound to the plasma ions and

free electrons in plasma. These fundamentals of the idea are the

same expression described in the previous section: S=Sb + Sf･

The differences in the stopping power between plasma targets and
コ

cold matter targets follow from two factors(12):(1) The stopping

power due to the free electrons土n the plasma is different from

the stopping Power due to the bound electrons in cold matter.
一■勺
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(2) The contribution of the bound electrons in the plasma ions

to stopping is different from that of the bo･und electrons in
●

neutral atoms in cold matter.

Nardi et al･(9) calculated the energy loss of protons for

plasma free electrons in nondegenerate plasmas as follows:

-一詳′冨kdkII
p du Im[

dE

pdX o

----J---■=- -..■■■■■■

E: (8qh)=J叩Ⅴ)
=

(4.1)

where v is the proton velocity, k is the wave number, u is the

frequency, andリ =cos O = k･v/kv.

The dielectric functions (k.a) ) in the classical form including

the effect of coll土slons is represented by

E(k･u )=1 +2Ⅹ2[ 1 +ⅩZ(ら) ]wp2/u2･ (4･2)

where ち -Ⅹ+iy,
Ⅹ-LO /kvth･ y-V /kvth･ Vis the collision frequency･

vth is the electron thermal velocity′ and Z(V ) denotes the

plasma dispersion 王unction.

An upper cutof至 wave number k has to be introduced 土n
C

eq.(4.1)′ if the classical.form of E (k′w ) is used. Nardi et

al･ and Mehlhorn used Bethe-s cutoff at kBTl-e-y7i/mvth･ Where

y=0･5772
in ordei' tO aVOid divergence at large wave numbers･

Furthermore, Nardi et a1. used the simplified quantum form for

non-co11土s土onal plasmas(40)･･ ●

=m( c-1)≡-=m( E )

4 7T3/2 ne2

屯k3vth
exp卜

(mw + (i/2)bk)
】【exp(竺竺)-1】

kBTe

(4.3)

where w- 性h- もk/2m･

The quantum corrections are only important for large wave

numbers, where lEi巴1 and both the quantum land classical forms

17



of the dielectric function are.valid. =n Fig.1.1. the values of

dE/ pdx of protons obtained by this procedure (curve(c)) and by

the use of the non-collisional version (y=0) (curve(b)) of

eq.(4.2) for gold target (19.0 g/cm3) are practically equal,
●′

which supports the cutoff approximation.

For the contribution of the bound electrons to the energy

loss′ Nardi et al.(9′12) used the Bethe collision theory which

describes the interaction of short range encounters. Then the

average ionization potential based on Bohrls model and the number

of the bound electrons based on ･[_he Thomas-Fermi model are calcu-

●

1a七ed in the Betbe stopplng formula.

Figure i.2 shows that the range shortening is caused at higher

proton energies, While range the lengthening occurs at lower ener-

gies because of the higher thermal velocities of the plfSma

electrons.

Plasma collisions become slgnifi.can七at 七be lower portion of

energies in the dense target ( p=19.0 g/cm3).
For the colle･c-

tive.excitation of plasma oscillations, the Pines-Bohm theory(74)

土s used:

尽E

pdX

e2(山2

--a ln ( i+
2pvえ

2mv2

3kB℡e
).

(4.4)

The values obtained from eq.(4.4) are also given in Fig.12.

Mehlhorn also has co7TI_pared the results of the binary +

collective model土n eq.(3.8) to see whether the compu七at土onally

simpler binary model 甘lves responsible stoppln9 pOWerS fノor
●

protons in dense Au plasmas ( T
=1 keV and p=0.193 g/cm3)e

target. Thus the polarization drag and the binary +
co11ective

18



modes give Similar results.
●

On the other hand, Brueckner et a1. derived the energy loss

of a fast ion ･

dE
･=ニ ヒ±

dX

☆ k

2【紫･子dk{;dw
6(

w-kxv,吉Im【
k2

-k孟･ ki
from

E(駄,u)
I i

-

u( 'l! + ivc) -(kvth)チ 一号
ノ

∈(k,u)

2

h)p1(j)

w(u+ira )

●

-u写
コ

(4.5)

(4.6)

≡(plasma free electrons)+ (bound elect∫ons to the

plasma 土ons). (4.7)

The effect of collisional damping is included through the

collision frequencyVc, while kvth is the frequency associated

with the thermal motion of the plasma electrons･ and up卓enotes

the plasma frequency. ℡he dielectric function of 七he bound

elect∫ons. which is calculated using the ぅーtb shell electrons of

an atom, experience a harmonic force of the frequency u] and a

phenomenologlCal damping force r..
1

1
11 4

コ

The frequency is written by

4TrN_ e2 f.
a コ

w2pl(j)
=

m

(4.8)

where Na is the number density of atoms and f] is the dipole

oscillator strength. Brueckner et a1. made th畠 continuum appro-

ximation calculation using the Thomas-Fermi model of an atom to

estimate the bound electron energies and densities. The oscilla-

tor strength with the local density p(ど) can be expressed by

f〕=4甘r2 p(ど)dr′

･
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p(r)
z董 x(s2)3/2

4 甘b3 s2 .

■

=n eq･(4･10), Z2 denotes the atomiJC number,

in the Thomas-Fermi equation ; b = (3Tr

r=s2bZ-1
/3.

(4.10)

x(s2) the function

/4)2/3n2/2me2, and

The plasma frequency can be written by (Z-Zav)Ⅹ(the number of

ionized atoms of the medium); Zav is the average number of the

bound electrons in an ion, i.e.,

如ne∠ 4 wNa( Z- Zav )e2

p 孤 m
u2

(4.ll)

ロs土n9 these results′ we can obtain a complete description of the

bound and continuum electrons, including collisional damping.

The cutoff wave number k is necessary to prevent the loga-
C

rithmic divergence when

k2-k豊+k≡
-00in eq･(4･5)･ This diver-

gence is a result of the breakdown of the classical dielectric

function at small distances･ Since k;1 is essentially the mini-

mum impact parameter, Brueckner et all used the kc value corres-

ponding to the Bohr formula if the Bloch parameter∈-=q*e2/･7Tv 〉1
r

and･the kc value corresponding to Bethe一s formula if∈く1･

They calculated the stopping POWer using the empirical
⊂

★

equations of the effective charge q obtained by Nikolaev and

Dmitriev‡68), and Brown and Moak(69) or Betz(73).

The evaluation(13) of dE/dx calculated from these procedures is

shown in Fig.13 in comparison with the Northcliffe and Schilling

result(75). The stopping powers for Xe and U ions in Al( a

t◆ypica1 1ow一之2 miAteria1 ), and Ag and Au ( a typical high-Z2

material ) arLn_ given in Figs.14-17.
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When_ the bound electrons are iQni2:ed, their contribution tQ

the stopping Power increases, provided that the collisional dam-

ping is sma11･ The damping is weaker in low-Z2 materials; hence

the stopping power increases with the temperature･ For high-Z2

ma七er土als.七be coll土sional dampln9 is more important and the

stopp土n9 power Can be reduced ( rela七土ve to七he cold material )

for tbe 七empera七ures up七o several electron volts.

Some aspects of the problems in the energy deposition and

br壱1TLSSJ:rahlung emission by relativistic electron beams in an Au

abla七土on layer have been discussed in Ref.ll
.i.e.∫

蛋-a?ilbロわund electrons (to the plasma ions)】

･芸If[freeelectr｡nsl. (4.12)

The energy loss of the electron beam in collisions with the

free electrons in the plasma is given by, using the relativistic

M中Iler cross section,

%:3#2 【

ln(竜n,･÷(義,-駄In2･l-ln2
】′ (4･13,

where∈ .

mln
denotes the minimum energy transfer in units of the

incident electron energyIK is the kinetic energy in units of the
ユ

■■-

･
=

^/rd ･^being
the de Broglieelectron rest mass energy, and E2mln

wavelength and rd is the Debye length･

The contribution of the collective plasma oscillation is given by
=

the Pines and Bohm theory(74). 1･hus the energy loss as the sum

of the pines-Bohm conヒr土bu七土on and binary encounter with the

elect∫ons is results identical w土ヒb 亡hose obtained through the

more exact plasma dielectric theory. The contribution of the
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bound electrons in the ions is evaluated using the Bethe theory.

The number of electrons per unit frequency having a revolu-

tion frequency u of the bound electrons is given by(10,12),
r

nf
w )- (32T2w2

m2佃3)!maX(u)r5
[ exp(

r

u = (2/m )[Et+eV(r)]
i/2/r,

(+･)ニ:}rニーev'r'i,
kBTe

(4.14)

-1

+1]亡

where Et means七he total energy at point ど( radius of cell), Ⅴ(ど)

the potential, H the c･hemical potential and rmax(u ) is the

l

radius where an electron with the energy of加becomes free･

=n Fig.18, the energy deposition profiles(10) are shown. The

plasma effect on the charge state of fast ions traveling through

a plasma target under conditions relevant to ion-beam fusion has

been calculated by Nardi and Z土namon.(11′12)

The charge state of the projectile is determined by the

competition between electron loss by collisions and capture from

七be target plasmas. ℡也e electron loss process in plasma targets

is due to collisions with the ions
and also with the free elec-

trons. The capture of free electrons in plasmas takes place in

the form of one of the following processes:(1) radiative recombi-

nation, (2) three-body recombination, or (3) dielectric recombi-

nation.

Collisions with 七arget atoms or ions are glVen ln the
●

binary-encounter approximation(BEA).(ll ′12) As shown in Figs.19-

2ll Nardi and Zinamon calculated the relation of the charge state

versus the energy of the projectile as it is slowed down in the
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target.

Using 七he quantum-mechanical form of 七he d土electric

function,(65) skupsky(14,15)obtained the energy loss of ions in a

high-density plasma of arbitrary degeneracy.

The logarithmic divergence in a classical plasma, which is

expressed by writing the Coulomb logarithm in･ the form

ln(bmax/bm土n). results in different kinds of the divergence･ One

approach is to describe the energy loss by means of two-body

collisions using the Rutherford scatter土ng ′ whereas the second

approach treats the plasma as a continuous medium described by a

d土electr土c function. It 土s necessary to introduce a cutoff

parameter in order to prevent the logarithm from divergence. =n

determination of bmin and bmax, a standard way of combining the

close and distant co11土s土ons has been briefly discussed by

Skupsky.

For a quantum-mechanical plasma (i.e., r in which the

inter-electron distance is less than the Bohr radius ao.

i.e.∫((り3)¶ n)-1/3く㌔/me2)),
the particle-beam interaction Can

be treated by the random-phase-approximation (RPA). As this

formula does not contain any divergent terms. this is valid at

any velocity.

Skupsky has extended the dielectric function to arbitrary

temperature and degeneracy in a high-density plasma. The energy

loss of a charged particle passing through plasma can be represent-

ed by the dielectric function e(k,u ) of the medium(14)･ ●

dE

__ ~~~
=

dx

zI2 e2

27†2v

恥.W 1

/dP'~盲丁=m[ ~㌻疎諦r]
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The dielectric function in RPA is obtained from quantum-

mechanical cons土deratlons(65)･ ●

e.恥′u) =1+∑
S

4rrT Z2 e2
S

も k2

fs(v)
-

fs(v -7ik/ms)

u -p{･v
+ Thk2/2ms+ i6

′

(4.16)

where the sumis made over all the charged species, and f is the
S

single-particle distribution function for the unperturbed plasma.

This expression is reduced to the classical form j.n the limit

fi + 0.I

E (8(,u) =1+ ∑
S

/ dv
4甘Z…e2,_.i_ 虹･∂fs/∂Ⅴ

msk2 u一蜘+i6

I

(4.17)

The quantum-mechanical expression , eq.(4.16), provides a good

descrlptlon for the linear response of the plasma elect∫ons for

all Wave number k(65) whenever the average interparticle qistance

is less than the Bohr radius･ For a DT plasma whose density is

greater than 2O times solid density ( 1024 atoms/cm3 )(14), this

condition i((4/3)¶ n)-1/3くao] is satisfied･

Skupsky adopted the Ferml-D土rac distr土butlon function and

chose t･he degeneracy parameter Tl to satisfy the normalizaヒion

condition. Skupsky obtained the real and imaginary parts of the

dielectric function by means of the expansion of
E (9(,u) in the

parameter ( fik /2m)/くVe'‥ くⅤ 〉is the average electron velocity･
e

The energy loss to electrons finally can be obtained in the form,

forsmallv(Ⅴくくve〉 ):

昔ニー/Enギ駐(･昔)1/2/甘÷【e

/Tr 1

2FIF(n)
e-rt+i

where l'l is the mas畠 of an ion.

The function Fl/2 is the Fermi integral:

Fl/2(n )-/;
ex-rt + i
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and 土s related to the electron number density by

n= 4甘/n3 (2mTe)3/2Fl/2(n )･

A factor ln^RPA has been separated out to facilitate comparisons

with other slowing-down formulas' Skupsky formulated ln^
RPA

for nondegenerate (Tl (1), weak ( Tl ((l) and strong degeneracy(Tl

))1)plasmas, ana for the combinations by an interpolation

formula･ Figure 22 shows how ln^RPAVaries asafunctionofthe

temperature f∝ different electron densities(14).

Brysk(39) obtained a formula that interpolates between the

limits of strong and weak degeneracies(14). Rowever, he had to

introduce the Coulomb logarithm in a rather ad hoe manner.

skupsky(15) further developed the high density effects on thermo-

●

nuclear ignition for =CF using his interpolation formula for ln

AR甘A 【see eq･(14)土n Ref･(14)】･

Dar et al.(16) considered the slow土n9 down of ions by a

degenerate ultrahigh-density electron plasma (n=1024-1029 cm-3)

by means of RPA and′ as a result. obtained the conditions for

laser-driven chain-reaction fusion. =n the Born approximation,

the differential cross section for the ion scattering is given by

d2o･

d△ dk

-単一s一叱(含,′
(4.2.,

where the ion initial energy E.=Mv2/2, the energy transfer
l

△=Fi-1Ef,もk is the momentum transfer, and the electron plasma

form factor is

sk(u )I/;dteiutくPk(t)p_砧0),･
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Then the energy loss of theion阜s glVenby
●

Ta,r- ÷I △dA

/A
dk.

dE

t甘事

where V is the vqlume of the plasma.

(4.22)

The plasma considered here is very denser i･e･1

-3(4/3)¶r3n〉ao ･

S

=t is｡convenient to express the electron plasma･form factor哀(u)

in terms of the quantum-mechanical dielectric function E (k, u ):

態(
u'-貰Im【頂缶】･

(4･23'

where vk=4 Tr e2/k2･ E(k,･u
) is given in eq｡(4･17) or the form

E-
-

l一生∑盲一半÷ヰ芯
(4･24'

v p Ep+k
p

(or see (eq.(7) in Ref.(:7)),

where E I

.㌔p2/2m
is the electron energy a.nd f is theFermi

p p

distrj､but土on.

Dar et a1. calculated the energy loss for deuterons, tritons

and α-particles using eq.(4.23). The results are shown in

Fig.23. They have concluded from the slowing-down cross sections

凸isp.l-ayed in Fig.23 that (1) electrons in plasmas dominate the

slowing-down process for dens土t土es much below 1027 cm-3J but

become negligible for densities much above 1028 cm-3.and (2)

somewhere between these two values lies the critical density for

a fusion chain reaction.

on the other hand, Peres and Ron(17) have treated the energy

loss due to the ion-ion scattering in a dense plasma. This

occurs when the velocities of the elec七rons are equal七o those at
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the Fermi surface (foL' degenerate electron.s ) or below the

thermal velocity of the electrons ( if they.are nondegenerate)･

Their approach is due to the Born approximation treated in

eqs.(4.20ト(4.24). They evaluated the collective screening ef-

fec上s which make the 土on Coulomb cross section f土n土te.

sayasov(18,19) calculated the stopping power for nonideal

classical and degenerate quantum plasmas on the bas'is of local

field theories･ He found that correiational effects leading to a

difference between the average field and local field may ln-

fluence essentially the energy loss in such plasmas. The stop-

pln9 pOWer 土ncreases for both classical and quantum plasmas as a

result of local fields effects. The energy loss of an ion using

the d土electric function is 如ven by eq.(4.15):

豊-鰭′ dk｣晋Im[ E:( 紘,･kv=u

The longitudinal dielectric function including the influence of

the collislonal effects甲n be expressed by(1′9)

E見.-,-1･告【1
･sZ(ち, 】

S =

Lu

kv也
∈ニーu+1V白_

kvtb
′

where kd=21/2up/vth, Z(ら)=

】
[= 聖二=

TT 2Ico

=ニコ桝

e
-z2

Z-ち

(4.25)

d∈and vth=(2TekB/m)1/2

be土叩the thermal velocity of the plasma electron′
V

e
the colli-

sion frequency. Here it will be assumed that the projectile

ions are swift enough･ i･e･,v"(m/mi)1/3vth; mi the mass of the

plasma ion. This a5SumPt▲t3n allows to neglect the interaction

between the proコeCt土1e and the plasma ions.

(1)For a classical plasma: the longitudinal dielectric function

takes the form:
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亡兄(k･Lu)= 1 +

k孟

1
- G(k)Qo

Qo-?[l'sZ(s)
]･ S=

u

kvtb

(4.26)

(4.27)

and the function G(k) is defined by the structure factor S(q).

This approach does not take into account the collisional effects.

The appearance of the denominator l-G(8()Qo in eq･(4･26) takes

into account the local field effects. The structure factor S(q)

土s rewritten by the local field correction as

dql d恥
G(3() =

-J' 【s(lq-kI)-l】･
(4.28)

Thus･the stopping power can be derived from Im【C~1(k, u)] in

eq.(4.26) as

4Tr n e-z12 v g v

g=
千

･r昌
n

G'yh'[l '2てH'Tth']lnA ∫

(4.29)

T

( plasma par.チmeter )I rd- (･⊥)1/2( Debye-length )I
4¶ ne2

where the forms of the function H(∈ ) and the Cou]･omb logarithm

are given in eqs.(20) and (21)in Refs.(18) and (19) by Sayasov.

=f the collisional effects are allowed for introducing the

collisional integral in the Boltzmann equation( the dielectric

function is

kd2 i+ こZ(ち)

c丸-i
+-

k2 1 +iyz(ち)

whereち=( u + iV
e

)/kvth, Y=V
e/kvth･
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Therefore we obtain

dE 8 /TT e叫z12 n v 1.2T

~~~■~
--

■■■二~~~~~~~こ
- ■_

dx 3Te Vth

where

V
e

~｢_~

~~
=

u

p

蔓
≡∵

I( 1n
一汽u

郎Im【l･(÷,2･l'2

V

~環竜),
(4.31)

The total stopping power is given by combination of eq.(4.29) and

eq.(4.31).

(2) For a degenerate quantum plasma: the longitudinal dielectric

function of an interacting electron gas can be defined as

follows′

c且(k′(o)
= i+

トG(汰)Qo

(4.32)

where Qo is the Lindhard polarisability(67) and G(k) is the local

field correction. Substituting eq.(4.32) into eq.(4.15), we can

●

obtain the stopplng power

豊ニー譜vc(rs)

z3 dz

c(rs) ≡/

k
■.■■-

2kR′

o [(1 -x2g(z)fl(z))Z2+

2

x2=･⊥
Tr汽vF

r-s

Tr

x2fl(z)]2'

4
､1/3__丁_.I

9Tr

(4.33)

g(a)=G(z)z-2,

(4.34)

where f.'z'-1′2[1･(1′2,･1′z

,(1-z2,ln提i
,

,for

z'-1
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is the function described in the Lindhard theory (see Ref.65 or

Ref･67), C(rs)I the Lindhardls expression(13) in Ref･67 + the

local field ce)rrection G･(z).

The real field including some local field contribution

through the interaction of electrons differs from the average

field considered in the Lindhard theory. =n Fig.24,the coeffi-

cients.C(r..)--dE/dx/4(e4m2v/3T Tn3) against rs-[3/(4¶ na喜)】1/3
are

､-)

shown along with available experimental values.

工chimaru et al.(20) have treated the theory of土nterparticle

correlations in dense and high-temperature plasmas. The stop-

ping POWer Of a dense two-component plasma has been calculated

from the dielectric formulation of eq.(4.15). 1Phe static and･

dynamic local field correlations describing st1'Ong Coulomb-

coupling effects beyond the RpA are expllc土tly taken into

account.

cover et al.(21) examined the effect of the collective

excitations to the stopping power Of a fast ion in a degenerate
コ

electron-ion plasma. Let us assume the ions form a classical

plasma at a temperature Ti･ Using the energy loss formula,

eq.(4.15). described by the longitudinal dielectric function for

the low-frequency ion･ Cover et all obtained (dE/dx)co ( contri-

bution from collective modes) and (dE/dx)ip ( individual-particle

contribution ). =n Fig.25, their calculational results of the

ratio (dE/dx)co/(dE/dx)ip VS the density for a 3･5 WleV α-particle

incident on a deuterium plasma with an ion temperature of 50 keV

are glVen･ The collective contribution to the ion stopping power

at densities antlclpated 土n 七be laser-fusion domain ls not

slgnificant.
)
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Deutsch et a1.(22-26) have paid a special attention to the

stopping power and straggling of nonrelativistic ions as =CF

driver in dense and hot matters. Their approach is based on the

RpA with an exact こynamic d土electr土c function valid at any

temperature. The density of the free-electron fluid is given as

rs=【 (4/3)¶ n]-1/3ao-1皇1･

They have taken advantage of an exact RPA-c (8((u )(24) at any

v//vF ratios, though the works of Arista and Brandt(27), and

skupsky(14) were mostly devoted to small v/vF Values･ The partial

degeneracy effect may be worked out through a simplified(9) low-

frequency form of the RPA- c (恥′h) ).

The stopping power using the Lindhard formula reads

4 TrZ12e叫

m v
瓜-

L-5I:'vFudu/00U

z3x2 f2(u,Z)

【zz +Ⅹ2 fl(u,Z)]2 + 【Ⅹ2f2(u,Z)]2
in terms of the standard d土mensionless units

z-穂lu-肯,Ⅹ2-
α r

一打

s =0.5211.

(4.35)

(4.36)

Mlaynard and Deutsch(23) generalized eqs.(4.35ト(4.36) to any

temperature or degeneracy. The generalization is carried out in

eqs.(3),(4)∫(7) and (8) in Ref.(23), and others.(21′24-26ト

℡he effect of 七he temperature is especially noticeable a七

low velocities, which allow us to visualize the discrepancies of
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the complete calculations by Deutsch et a1.with respect to the

T=O calculations.(67) The corresponding dE/dx is displayed in

Fig.26. The stopping power exhibits the important te'LnPerature

effects around T √v 1 for ions of a few MeV per nucleon′ an
e

energy range typical of heavy ions used in =CF.

=n Figs.27-28 a few significant examples are displayed, for

the range

R-J言dx-J訂10一里宙

and for the deposition time

tdeposit-

J=dt
-

-J
Eo/1U (%=

)v

(4.37)

(4.38)

where Eo denotes the projectile incident energy at the pellet･

Arista and Brandt(27) and Deutsch et al(.22) have treated the

energy loss problem using the following ways: the scattering rate

4 7TZ12e2 27T

a(駄 ′u
)= (

k2 )2訂S(k･w )

and the dynamic s七ructure ねctor

-ilk
2

S(恥 ′u
)=

47T2e2
N(u) Tm 【

where N(u)=【exp( o鮎)-1】-1 and 8=1/kBTe･

Therefore, the energy loss rate is given by
=

昔ニー′揮よ訂丁竹wR(k･w)
-

(半)2I
d3k

u N(w)

k2
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(4.39)

(4.40)
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where･7i w (pr恥)=E(pfトE(p)=･hk･v +屯q2/(2M) in terms
of the

incident velocity町野/M. For heavy projectiles M))m , the recoil

effects are small and we can expand eq.(4.41) in terms of

△山並k2/2M to obtain

(一昔)0
.

(一票)1･-,

where

(i
).

--(#)2
Id3k･ wN･(w )

●

Finally the stopping Power S is

a-･一重--
dX

2
汀 (管)

#'#)o
2

(･㌔艶
Jo 良 I.㌔-Imt

For nondegenerate plasmas, kBTe

l

tion t() S and Elす :

エ

e(臥W)

〉〉匂∝〉

Lu=批●Ⅴ

(4.42)

. (4.43)

(4.44)

′ they made an approx土ma-

F

【

凸ヱ(vn.Te)包2k7;lS(V･ n.･re ).
(4･45)

Brandt(28) reviewed a series of problems in low-velocity

stoppir.g power physics in 1981. He concentrated on three topics

of them:(1) the material dependence o王low-velocity stopping

★

powers, (2) the effective charge q of atomic projectiles
as

defined by the stopping power of matter, (3) the change of stop-

ping powers in the transition from degenerate to nondegenerate
●

plasmas. This change will occur in controlled fusion devices.

･easurements(29) ｡f energy losses △EHe/ 凸ED of fD and 芋He
ions in solids, covering their entire range of r values, reveal

S
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1

ヽ

the pronounced target effects that diminish with increasing the

ion velocity ( see Fig.1 in Ref.(29) or Fig.3 in Ref.(28)).

schulz and Brandt(3O), and Brandt(31) derived the effective

charge fraction′

q･･#

ぢ･;耳-一去(
B
)之 (4.46,

ち
in a dielectric response approximation and tested the predictions

on new low-velocity prec土slon experiments and high-velocity

channeling experiments. Brandt obtained ぢin the form:

S(yr)
--q(yr)-(q･B)〔l一晩)jh[1.(

where

rs JJ I

vTw;;･i;-∫fvv(F.(千+%%vTT2e'/V!a2,一吉":?:4v'#
,

(4･48,

for V=VF

A(vT)隻
t･トq(vr) 〕2/3

iト号th･-q(vr)〕)
(4.49)

c(rs)ぎo･5 for most metals and

q(vr)- Q(vr)/Zl ; q-Q/Zl, if the ion carries N electr･ons, the

ionic charge Q=Zl-N･

The effective charge of slow ions in solids with a mean

relative velocity between the ion and electron was represented by

Kreussler et al.(29) on the other hand, a general expression for

the effective charge of slow ions in dilute plasmas at thi tempe-

rature T was obtained by Aris七a and Brandt.(33) For swift ions
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in condensed matters( Brandt and Kitagawa(32) also calculated the

effec七土ve charge based on a d土electric-response approximation.

According to the theory of Atista and Brandt, the effective

charge of slow ions indilute plasma･ for all ions with Zl ≧5･

can be obtained from

q★= zl( 1-e-bx ) (4･50)

wit-h x=(3kBTe/m)1/2zlVo, Vo the Bohr velocity and b=3･5 for

vくvth･

Moreover, they discussed the charge dependence of the energy loss

of slow ions with velocities vくVth and the charge Ze ( Z主Zl･ Zl

is the atomic number) in a plasma, using占 quantum-mechanical

treatment. The ion ve.lLOCity v is replaced by a mean relative

velocity between the ion and the electrons. The relative veloci-

ty is given by the thermal electron velocity vth=(3kBTe)l/2

since vくvtb･

The energy loss is given
'n the form:

●

砧 ユ卓也In
耽

~

｢｢ 1乃 〔哉)3/2L〔n.Te}乞) (4.51a)

for the collision logarithm

i(n)･Te

Z･,-1n[譜賦ト2T一喜一ieyE.Cy,
･ (4･51b,

Here El(Y) is the exponential integral of argument

y- ( rzlel/ hve '2 -

｢2z12mv喜/鴫,fe･,
Ve-`2'3'l'2vth･

r= o･577･ r-eT =1･78･ and A)p=(41Tne2/m)1/2･

=n the limit of high temperatures ( kBTe =Z2me4/ 7i4), L becomes

independent of the ion chargel i･e.I
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LQM,T(n･Te,-ln.(凝〕←浅
(4.52)

where quantum-mechanical perturbation theory (QMPT) is applied

under the condition ち =q*e2/
7ivthくく1･ This result follows from

eq･(4･51) for y -+
0･ the exponential integral El(y)=-T- lny

and the apprっⅩimation (3/2)1n2-(1/2) LT
-(l/2)曾1/4.

This is also in an exact agreement With the result obtained from

the a(k,α) formalism for a nondegenerate quantum plasma (

eq.(23)土n Ref.(27)). エn the classical limit ∈三q★e2/

･,1,( i･e･

kBTeくくZ亨me4/
n2), we then obtain

･

LcL(n,T,Z)=1n iz4.'e%ais/2芸J_2T_i 2

nvth

(4.53)

Arista and Brandt discussed the transition between the

classical and quantum-mechanical approximation and explained

physically土ts cond土t土on.

LcL(n,Te,Z)=LQMPT(n,Te)

Th2kB=Z2Ⅹ106 K･ They h･ave

form

The transition will take place when

at the temperature T
=2.82Z2me4/C

obtained the effective charge in the

★

q = Zl f(t)

f(t) ≡ ‥ expトatl/2)∫
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喜
where a- /5b空 6 and t is a reduce(- variable defined as墓

t-kBTes/ez…:vign
gWizt=hqkB=Tzo.-f?:t4

:
,屯2t

h-e :
fa:uu･ニ｡

(

aTou-s2:･f2uleV三kcBa-13;n6gxl.0…責
★

冗).

eq.(4.51) in terms of 七:

L(n･T,Z) = LQMPT(n,T) + AL(t)I

L(t)=ln【4tl/2/f(t)]
- 2･T -

3/4
-

(1/2)eYEl(y)
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with y= r
2f2(t1/2t･

For fully stripped ions'then Z=Zl by

setting f(t)=l.

values of collision logarithm L(n,Te,Z) as calculated by

eqs.(4.55) and (4.56), are shown in Fig.29.

The application of Lindhard-s dielectric theory to real

solids becomes a formidable task since the ail-eCt numerical

integration of the Lindhard stopping formula is slow and

cumbersome due to the presence of singularities in the integrand.

Numerical evaluation of Lindhardls theory of stopping POWer for a
●

charged particle in a free-electron gas was fist made by =afrate

and Ziegler(34).

For an ion of chargezle ( bare nuclear point charge ) moving

with velocity v土n amediumof uniformdensityn. the energy loss

due to electron excitation can be written in the form(65.67)

dE

訂-÷皿( V2 )2nL( n,Ⅴ). (4.5,)

where 工J is called the stoppln9 number. 工n the dielectr土c

formalism, L is written as

●

L--て÷:繋
kv

/-kv W dw [

where

u孟-4T
ne2/m･

E(k,w)

-

1 】, (4.58)

Lindhard obtained the dielectric function for a free-electron gas

within the first-order perturbation theory.

The Lindhard stopping number can be written in the form
●

L =

/v/vF udu /00
0 o

【 z2

z3 f2(u,Z) dz

+
x2fl
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where the parameter x2 =vo/咋VF,
the reduced variables z=k/2kF

and u=
u/kvF, and for fl(u･Z) and f2(u,Z) and the method

of derivation of equations, see eqs.(l)-(ll) in Ref.34, or

(

Ref.35, or also eqs.(4.1)-(4.12) in Ref.(65).

=n Fig.30, the calculational results in stopping number

with tもe electron density and energy are shown.

Moreover, =afrate et a1.(35) evaluated the Lindhard

dielectric theory of stopping power Within the local density
LP

approximation of山ndbard and Scbarff(64) and the concept of the

effective charge.

工n the local density approximation′ each volume element of

the solid is considered to be an independent plasma of uniform

density, so that the total electronic stopping power is given by
●

dE
■- =

dx

4 7T , Zl e2

m V
)2/∞n(r) L(n,Ⅴ) 47T r2 dr,

0

(4.60)

where n(r) is the spherical averaged charge density of 七he target

atom. They' used the spherically averaged solid-state charge

densities in evaluating eq.(4.60). =nspection of Figs.31-32

shows that the stoppin9 number inte9rand of eq.(4.60) approxima-

tely follows the radial charge density in spatial variation. =t

should be noted that the low-energy (100 keV/amu) projectile

stopp土n9 number is influenced mainュ.y by the outer sbel】. electron

charge distribution. whereas the high-energy projectile (10000

key/amu) stoppln9 number is dependent on the inner electron

shells as well (see Fig.2 in Ref.(24)).

When the proコeCtile is an ioni2:ed atom with an intrinsi?
●

electronic charge distribution, the question of the net charge of
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●

the proコeCtile arises.

ziegler(37) made the effective charge q in the form

★

★

q
- - 1 - 【 exp(-A) ][1･034

-

0･1777 exp(10･081i4 Zl)]･(4･61)ZI

where

1
A=B+0･0378 sinすTrB

B
-0･886(40E/H)i/2/ z子/3,

(4.62)

where the ion energy E is in MeV, and the ion mass M is in amu.

ziegler(36) calculated the stopping power of energetic ions

in matter (energies above 200 keV/amu) using the method in the

preceding discussions. He also presented new calculations for

mean ionization potentials, (I), and correction parameter, A
,

for

the traditional (I) in comparison with experiments. The mean

ionization potential is expressed in the local density approxima-

tiつn 土n the form:

1
V

lnくt'-

･T2/onc]･d(Lhwp)
dV, (4.63)

where Z2 is thetotal electroncharge, and A is some constantof

the order of unity, i･e･, A =l - /2, and nc the charge density･

Table 1 in Ref.(36) shows calculdtions of the mean ionization

potential, <=))for solid density and gases Z=1-92, using

eq.(4.63) and average values of A .

sigmund and Fu(38) evaluated the energy loss straggling of a

point charge penetrating a free-electron gas based on the

Lindhard dielectric function. With regard to straggling,

Bonderupls formula has been partially conf土rmedl but it was found

39



that this correc七ion 主s important in numerical applica-

tions. The correction is substantial for ion velocity v which
r

approaches vF,in particular at high electron densities, i･e･, for

=e2/(T七vF)くく1･x2′

§ 5. Theory of Stopping Power based on

Kinematic Description

=n order to calculate the energy loss of a projectile as it

passes through a plasma, it is necessary to specify the

distributions of various plasma species, i.e., how many particles

at point r and time t have velocity v. The tiTL､e eVOlution of the

distribution function is described by a kinetic equation whose

collision term土s appropriate for the plasma conditions under

consideration.

Expressions were derived by Brysk(39) for the stopping power

of a fast ion in a plasma from the ki.nemat土c descエーipt土on of an

elastic collision between two bodies. The kinematic basis use

the Rutherford cross section. The energy loss was calculated in

full de9eneraCy 叩e十 0 ) us土叩七beFerm土di5七ribution and in

the opposite
_l.imit

using the Maxwell distribution.

For =CF-plasma, the application of the I,enard-Balescu
t

equation(76,77) or a quant.um-mechanical version was proposed by

Gould and Dewitt(78). The quantum Lenard-Balescu equation can be

interpreted as a Boltzmann equation describing collision between

two quaslparticles whicrh interact via the dynamically shielded

4 0_,



Coulomb potential. 工t treats both close and distant collisions

correctly′ and requires no ad hoc cutoffs.

By the use of the Lenard-Balescu kinematic equation,

Lampe(40) treated the number and mean energy loss of electrons

scattered through small angles for a tenuous monoenergetic elec-

tron beam incident on a quiescent plasma.

sigmar and Joyce(42) developed a formalism for a tenuous

energetic test-particle ( species ) with a multispecies of high

temperature plasma. ℡beir calculations contain suitable quantum

corrections for large angle scattering, i.e., for close colli-

sions. The theory was applied to the slowing down of fusion-

born α-particles in a mirror-confined plasma (Ti-100 keV. T
=50

e

keV′ nニ1014 cm-3).馳en the theory and numerical results were

compared to the α-particle slowing down in Tokamak electron-

deuteron plasma叩i=4 keV. Te=6 keVy n=1014 cm-3) and the injec-

ted proton slowing down in Tokamak electron-proton plasma (Ti=0･5

keV. T =1 keV.and
n=5Ⅹ101j cm-3).e

on the other hand′ Payne and Perez(41) derived an expression

for the energy loss of a beam of particles passing through an

inhomogeneous plasma wbich 土ncludes the effects of departures

from local equilibrium due to gradients in the plasma.

A combination of the test-particle approximation witb亡be

Lenard-Balescu collision term and the Bhatnagar-Gross-Krook(BGK)

apptoximation(79) for the plasma ki-netic equation is used･

Calculations for an cl-particle beam with energies from 0.5 to
■

4.5 MeV in a fully ioni2;ed hydrogen plasma were presented.

The effects due to temperature gradients produce a sizeable
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change in plasma stopping Power. The largest changes are found

at high temperatures (之1 key) andat low α-particle energies
r

( £ 1 MeV) ( see Fig･4 in Ref･(41))･ These nonequilibrium

conditions can be directly observed if the energy loss of a probe

beam is meTaSured at various angles with respect to the plasma

gradients.

§ 6. Co11ective, Vicinage and Beam-Density Effects

●

in Stopping Power by Ion Clusters

Eff土cient coupling of beam energy tO a target medium is of

crucial importance to the viability of =CF. The energy deposi-

土ion enhancements are attributed to several phenomena: (a)

the increase of effective path length in the target.by applied or

self-generated fields, (b) collective beam-target interac-

tions′(80′81) (c) mod土f土cation of the single-particle deposition

rate because of the finite target temperature,(l,3.10) and (a)

beam-density effect.(82)

The orlgln Of the beam-density effect is the two particle
●

●

vicinage, or proximity, contribution to energy loss.

Rule and Crawford(45) presented an analytic expression for

nonrelativistic vicinage function and showed that it would have a

dipolelike behavior for large separations between beam particles

(zi, Z])･ A pair of particle苧Separated by択i] have total energy

loss per unit path length W.. which can be written as the sum of
lコ

the usual single-particle terms W =Z2s plus the vicinage term
S

~

､

w(Ri]):
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w.. =

z?slコ 1 p
+ z]?sp + w(Ri]) (6･1)

where Zi, and Z･ are the nuclear charge and S is the stopping
●

コ p

power of a proton.

Let us consider the i-th particle in a beam consisting N

particles. then the total energy loss by these particles is

W =W + WB′
S

where

wB=

丁畏w(Ri])･
j車i

(6.2)

(6.3)●

is the contribution from cooperative energy loss, or the beam-

density term(82), i･e･, WB is the proximity, or vicinage term for

loss by a pair of relativistic particles.(43)

Figure 33 shows the ratio of the beam- density contribution
●

WB tO Single-particle energy loss W versus the distance of a

S

beam particle from the beam front on the beam axis. The curves

were calculated for a 5-MeV proton beam of 10 kA with a Gaussian

radial profile.
･

The total energy loss is also written by the resonant term

plus the nonresonant term:

W=WR+WN. (6.4)

( see eqs.(12) and (13)土n Ref.(45)).

Rule and Cha(4'3) derived the collective a_ffects in energy

loss by relativistic clusters'of charged particles using a clas-

sical description . Extension of Fermi-s method in 土t for deri-

ving the density effects is used(43′45).

Basbas an,a Ritchie(44) analyzed theoretically the vicinage

effects for ion diclusters penetrating an electron gas and in

collisi(1n With single atoms. ℡hey discussed similarities between
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the vicinage function for energy loss of a swift cluster in an

electron gas and that for the same cluster colliding with a

r

system of noninteracting a.tons at condensed-matter density.

一′

§ 7. Experiments and Model Calculations of Stopping Power

and Effective Charge

Knowing the effective charge of the projectile ion is very
●

important for ヒhe stopping power Calculations in heavy-ion driven

ICY target.

The stopping POWer Of a medium for a point-like projectile

of the charge Zle may be expressed as

%-nz2 i L(Zl･Z2･V,･
.,."

For partially stripped, high-energy heavy ions, Zl in the dE/dx

★

formula should be replaced by an effective charge q.

Both the density effect and plasma temperature effect in

=

its charge arise through changes in charge-changing Cross

sections.

cowern(47) determined the effective stopping power charge q*

for partially stripped ions by a balance of the electron capture

and loss cross sectioIIS W土thin the stopping medium. ℡he density

effect on charge-changing Process is discussed by the genuine

gas-solid density effects. The limiting cases
of a low-･density

target (n + 0)Hgas target1' and high density target( n+00)

llsolid targetll are assumed in the evaluation of charge-changing

cross section.
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=n measurements on stopping power for 0.5-10 MeV/amu heavy

ions in solids and 9aSeS′ Ge土ssel et al.(48) demonstrated some

characteristics of the effective charge , which is defined by

s==,v･z2= (q*)2 sp･v･･z2
･

(7･2)

where SH=rv′Z2and SplV′Zlare the stopping powers of heavy ions

and protons at the same velocity v in the same medium Z2･

The effective charge characterizes the average equilibrium

charge of an ion during its slowing down process, implying that

★

q should be equal to the rooトmean-square of the average equi-

1ibrium charge distribution

て- 【 (‡¢iqi )2 ]1/2･ (7･3)
1

where ¢i is the fraction of the-ions in charge State qi･

℡he basic assumption in this statement is that the partially

stripped heavy ion interacts with the target electrons as a point

charge. This assumption has been supported by data in gases, but

_.
★

for solid targets q has been found to be larger than q .

Figures 34 and 35 show that the stopping Powers and the

effective charge extracted from measured stopping powers of heavy

iohs depend clearly on the stopping medium. Figure 36 shows a

★

comparison of the experimental values of q and q for 1.4 HeV/amu

Kr. Xe. Pb. and U ions ･in
Ar. 工t 土s demonstrated that the

agreement for relatively light ions, Kr, is good, whereas for the

★

heavier projectiles' q is larger than q ･
For U and Pb ions)the

difference is about 15%. Stopping power of (0.5-1.3) MeV/amu pb,

Xe, and Kr ions in solids and gases are shown in Fig.3 in

Ref.48(1982).
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Stoppまn9 pOWer Calculatiions for heavy ions of (1-100) GeV

energy and results of lD and 2D s土mulat土ons of the stretched
P

target cylinders heated by 土ntense beavy 土on beams have been

presented by Arnold and Meyer-ter-Vehn(49). such experiments in

the hot dense matters are planrted at GS=.

Anthony and Lan ford(50) measured the stopping powers of

several heavy ions (C, Si, C1, Ti, Fe, Nil Ge, Br, Nb, and =) in

elemental targets (C, Al, Cu, Ag, and Au) at energies near the

maximum in the stopping power versus energy curve (see Figs.3-7

in Ref.(50)). From these measurements, the effective charges of

ions are examined. Both of the magnitude and the target depende-

nee of the
.effective-charge

expression'.

%l -.-Aexp( vo zyl

2
Y= 丁

(7.4)

are consistent with average equilibrium charge state measurements

made in gases ( see the effective charge parameter A and 入 Of

℡able 工工 土n Re‡.(50)).

Bailey et al.(51′52) presented the time dependent charge

●

state of a heavy projectile traversing a finite temperature

plasma target by means of the average-atom model to integrate the

rate equation.

The charge state of the projectile is determined by the
●

competition between electron loss by collisions and capture from

the bound electronsin the target atom(H,51) listed as follows:

Electron Rates: bound-bound excitation and de-exci七at土on

bound-free ionization

radia七土ve recombina七ion

3-body recomb土nation
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工on Rates: bound-bound exc土tat土on and de-excitat土on

bound-free ion土zat土on.

℡he
.result

of solving the rate equations for various

projectile ions with an energy of 46 MeV/amu (corresponding to 9

GeV for an Au-ion) is shown in Fig.37(a) for electron-ion

excitation find in Fig.37(b) for ion-ion excitation for a target

★

ion with a q of 10. For such fast 土ons′ the equ土1土brium charge

state is very close to the fully stripped ion in all case･3′

although the time to reach equilibrium increases with projectile

Zl･ The equilibrium time decreases for the ion-ion case

(Fig.(37b)). The equilibrium charge is almost identical to the

electron-ion case.

Br土ce(53) made a f∝malism of the electronic stopping cross

section over low-high energy ranges using three adjustable

parameterst i･e･)one from the modification of the Firsov

formalism and two from the extension to higher velocities.

se(u)- ( zl +

Z2)S去(u)f(u)

s:(･u,
- =2[,e(

30乙3+80∈2+74E+2l

3(1 +E ) 1(10E +1)

. tan-1ノE

E = (u/2voZ)2

f(u) ≡ 【 1 + (au/vo)n 】-1′ (7.7)

where the parameter is given by a-VOT/i･ Since VOT and
丸are

of

the order of the length of the atomic dimensions it土s expected

that a.-= 1. The parameters a and n appearing in f(u) and the

parameter z (nuclear effecti､γe charge) in St(u)
are considered as

adjustable parameters to be dt∋termined by experiment (see Tables
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工 and 工工 土n Ref.(53)).

Rec昌ntly GrygorieO et a1.(54) proposed a model which

ace,ounts for three proton mechanisms, i.e., energy losses due to

strongly bound electrons, excitation of collective free electron

oscillations′ and individual collisions with weakly bound elec

.trons.

The total stopping Cross Section Stot consists of two

independent subsystems: inner-shell elect∫ons (core elect∫ons) S

and free electrons forming a dense plasma Sf･

Stot =S +Sf･
C

(7.8)

工t is assumed that the value of Sc 土s the sum of electronic

stopping powers for different subshells,
●

sc =

n亨I
WnlSnl･ (7.9)

where w

nl
is the number of electrons with the quantum numbers

n′1土n an atom:

sn,1- 4T

′言vn,i.Ynl(vnl,
t2dvnl

/Eu:;Ⅹ#,△Ed(AE,I
･7･10,

where vnl is the electron velocity, vn1(vnl) the electron wave

function in momentum representation, d o /a( A E) the cross

section for transfer of energy E from a proton moving with velo-

city v to an electron with velocity vnl･

● l

The stopping Cross Section for anelectron plasma is given by

sf ≡ Seb + Spl′ (7･11)

where the energy loss Seh is due to the electron-hole generation

(-dE/dx)eh and Spl doe to plasmon excitation (-dE/dx)pl･

=n studying different processes accompanying the ion penet-
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ration in matt早r, Burenkov et a1.(55) proposed a model based on

the first principle calculation of the inelastic energy loss of

heavy ions in different targets for any nonrelativistic projeC-

tile energy. Tvo stopping meChanisms were taken into account:

(1) Energy loss to exc土ta七ion or ionization o王 the target

electrons bv the partially screened field of the moving ion
J■

nucleus is calculated in BEA. (2) Energy to electron exchange is

calculated on the basis of the modified Firsov theory taking into

account the electron-electron scattering. Figure 38 shows the

calculated stopping Cross Sections and the contribution of

electrons in the medium. Figure 39 presents the calculated

results for the stopping Cross Sections, together with

exr･erimental data.

Ferrar土is and Arista(56) calculated the ene叩y loss of

charged particles in nondegenerate plasmas using the classical

8.nd quantum-mechanical approximations. They considered the

classical binary collisions between the test particle and the

part土cle 土n the plasma. and obtained the energy transferred as a

function of 亡he relaヒ土ve velocity. Fu工･thermore. they used the

quantum-mechanical analysis of the scattering of partial waves to

find the transp()r七cross section for a screened potential. and

j.ntroduced analytical approxまma七土ons to calculate the phase

shifts. Their study yielded a simple expression for the energy

loss 土n ter∬1S Of the velocity and charge of the particle and of

the density and 七emperature of the plasma.

For ions with h- veloc土t土es′ Ⅴ〉〉vth(=【2kBでe/m】り2=elec-

tron thermal ve].ocity), the plasma stopping power is given by
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(7.12)

(7.13)

ー ー
●

Simple expressions for the velocity-dependent collision

logarithm ln^ can be given in each case using either the clas-

sical or quantum-mechanical (plane wave) approximation. =n

particular′ 土n the irllpaCt-parameter description the result is

given in Table I in the form ln^
-1n(bmax/bmin)･

Treatments of the maximum and minimum impact parameters have

been discussed in detail (see eqs.(3ト(6) in Re宕.(56)).

Tahir and Long(57) considered various aspects of heavy ion-

beam rCF. They used an energy deposition code GO_RGON which has

been written based on the macroscopIC interactiorlS responsible

for the slowing down of ions in materials. Some details of this

code have been described.(9,10,57) The formulae depend on the

shape factor and range. , but do not in turn depend on

temperature and densi亡y′ as 土t would･do 土n more detailed

calculations.

wright et a1.(58) developed a model to study two loss

mechanisms during the propagation of high-power beams of C-ions

in the current-carrying air-plasma channels. Sucb channels can

provide the necessary standoff between the diode and the target

in light-ion-driver 工CF. ℡hey considered that particle energy

losses are due to the radial charge-exchange diffusion across the

channel magnetic field and the collisions with target particles.

Semiemplrical charge exchange cross sections were derived
●
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from literature sources and used in a 3-D Monte Carlo transport

code with the energy loss modeled in the continuous slowing down

approximation. They concluded that the charge exchange losses

コ

would probably not be of major COnCern for light-ion-beam =CF

reactor configurations using channel transport, whereas the

collisional energy loss could be detrimental to the =CF reactor

if the plasma channel density is too large.

santar土us and Callen(59) solved the bounce averaged Fokker-

Planck equation for α
-particles slowing down in a background

plasma of elect∫ons and ions 土n the central cell of a tandem

mlrrOrS●

The density-effect correction for the ionization energy loss

of chargedparticles has been evaluated
(60)

as a functionof the

particle velocity for total of 278 substances in ATOMIC DATA AND

NUCLEAR DATA TABLES. =n the calculations, the up-to-date values

ofく工〉 and the atomic absorption edges hvi Were employed as

input data for the general equations of the density effect

correction.

Beynon川1
)

presented a formalism for obtaining the energy

deposition distribution function for an =CF target irradiated

with multiple ion beams. In evaluating the target performance'

Beynon concluded that the 9eOmeヒry of the multiple beam.

i.e.(Hbeamlet(' geometry might be as important as the detailed

description of the slow土n9 down processes contained in the stop-

ping Power Of the medium.
●

A few-beam irradiation produces rapidly fluctuating energy

deposition profilesI Wb土ch are significantly smoothed when more

than about 20 be.ams are used, as is in the H=BALL target design･
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sugiyama(62) expressed the formalism of heavy ion stopping

power asfthe sum of a modified Bethe formula and a modified LSS

formula. The theory is made to satisfy the requirement at inter-

mediate energies: (a) The formula is in accord with the Bethel
一′

Blocb formula at bigb energies. (b) Some of the 土nner-shell

electrons of both proコeCt土1e and target atom has the posslbil土ty

of forming a quasi-molecule at the collisions. (c) The formula is

proportional to projectile velocity at low energies, Or does not

contradict w土tb the F土rsov 七beory ( see eqs.(2ト(7) for the

modified Bethe formula and the modified LSS formula in Ref.(62)).
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Glossary

The following is a brief list of the most important symbols

which have been consistently used throughout all sections of this

article.

S: Stopplng power

Sb: Stopplng power due to contribution of elect∫ons bound to

plasma 土on

Sf: Stopping power due to contribution of plasma free electrons

E: Projectile energy

Ef: Fermi energy

T: Plasma temperature

T

'
.

e

℡.:
1

Plasma electron temperature

Plasma ion temperature

n.' Target electron number density

p : Target mass density

Zl: Atomic number of projectile
ion

z2: Atomic number of target atom

孤: Electron mass

M: ProjeCtile mass

q2: Ionization state of target atom

q2: Average ion土zat土on state of target atom

★

q : Effective cha.rge of projectile
i'Jn

R: Range derived from stopping power

t'. Time

v: proコeCヒile velocity
●

vth: Thermal electron velocity(=[2kBTe/m]1/2)

kB; Bo1七zmann constant
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No:

V,;I :

ao:

vo:

k:

u:

u :

p

rd:

g:

r :
S

Avogadro number

Fermi

velocity=ita(3¶2n)1/3
P

Bohr radius ( il /(me2)=5.291xlO-9 cm )

Bohr velocity ( e2/芯 =2.188Ⅹ108 cm/sec )

wave Jnumber vector

Frequency

Plasma frequency

Debye length = (T/(4T ne2))1/2

plasma parameter- 【 1/((4T. /3)r孟n]

one-electron radius = 【 1/(4¶

E (k′ u ): Dielectric function
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Tableエエ Key Theories of Stopping Power for charged Particles o･ver a wide
■

range of energy, density and temperature

Reference

(A)

Mehlhorn

Widner

et al.

(1)

(2)

Young

et al.(3)

peek
(4)

HcGuire

et al.(5)

Mehlhorn

et al.
(6)

Subjects

s=sb十Sf+S･ ･

10n

sb= min･ (StBethe, SLSS)･

sf= binary + collective･

工CF target deposition profies.

S=Sb+Sf･

S and 良 of proton for エCF.

S=Sb+Sf･

scaling formula for <=(Z,q)>

エCF target des19n･

proton range. radial charge

density profiles.

I

<=(z,q)> based on FIG theory

and quantum mechanical

definition.

Generali2:ed-osci11ator-

stren9tb formulation of plane-

wave Born approximation,

individual subshell ioni2:ation

and exc土tation to proton S.

くIは,q)> and oscillator

streI19th.

see Ref. (3).

models of <Z>.

64

Energy, Density,

Temperature

2-HeV protons and 10-GeV U

ions in Au (19.3 and 0.193

9/cm3).

proton ･

T (eV) < 545E(MeV)/A
e

(atomic mass).

E =ト105 keV proton

in Au′ AulO+∫ Au20+∫ and

加30+ plasma･

E = 1か1eV deuterons in

target-ablation plasma･

cold target.

Alq+∫ Au°+.

E I 0.i-100 MeV protons in

Alq+ (0≦q≦11).



Heyer-ter

-Vebn

(7)

J. Meyer

-ter-vehn

(8)

Nardi

et al.(10)

Nardi

et
alュ(11〉

s = sb + Sf + Splasma
io占･

ion target design for ICF.
●

deposition profiles.

see Ref. (7)

E:-method1.

S=Sb+Sf･

dense and collis土onal plasma

via polari2:ation response

E:(k′u).

E(k.u) of collisional form｡

sb : Bethe theory･

くⅠ>:で-ど model.

: IJ-S model.

col一d土tionミ; relevant to pellet

fusion (deposition,temperature

and pressure profile).

relativistic叫Iler theory and

Bohm-Pines theory (collective

plasma oscillations).

n and = by T-F model.

electron loss process by using

BEA.

ioni2:ation of proコ守Ctile by the

plasma free electron.

electron capヒure process from

bound electrons in the plasma

ion (Bell theory, 1953).

capture by proコeCtile of free

plasma elect∫ons by七he radiative

recoTnbination, the dielectronic

recombinat土on alld tllree-body

'
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209Bi(10 Geせ) + 208pb

209Bi(10 GeV= 7山

for any T.

low T. high-Z2-target and

high T, high-Z2-terget･

E ≡ 1-10 MeV protons

p= o･19 g/cm3,

p= 19･O g/cm3 Au･

E = 400 keV electrons 土II

coュd and 1 key Au target.

,
3

p= 0･19g/cm I

p= 19.0
9/cm3.

E = 0-54 MeV Al ion

E = 0-12 MeV C ion.

p
≡ 10-2 9/cm3･

T= 25 eV, 100 eV for

C-target.

T =25 eV for fully ionized

Li-target.
★

q of C-ion with E=;12 HeV.



recombination process.

energy deposition profile

(C + Li and Al +C).
★

q of A1-ion in fully ioni2:ed

tar9et′ 2-bound elect∫ons in

target, cold target.

Betヱ forTnula.

Nardi

et al.(12)

Brueckner

et al.
(13).

skupsky
(14)

E (k, tt)トmethod.

I:白ettTe theory.

plasma effects on S.

plasma effects on charge state

of fast ions.

plasma opacity effects,

∈ (k,w) -method.

c ≡ Ef(contribution of plasma

free elect∫ons)

+ Eb(contribution of bound

electrons).

cb三
T-F model.

q : Nikolaev-Dmitriev, and

Betヱ.

comparison with Northcliffe and

Schilling's result and cutoff

wave nul【lber 土n classical and

quantum k -1

E駄.叫-method.

=cl+iE2･

by工一indllard■ s no-collisional

formula.

in ^ⅣA Via Te･

in ^RpA for T)Ondegerate plasma,

weak degeneracy, strong

degeneracy, and Sommerfeld

formula.

66

p
≡ 2･78 x 10-2 g/cm3･

kで = 0.05-0.20 keV

E < 600 keV of deuterons

in CD2 target･

low Z material.

Xe(0-15 HeV/amu) +

Alく0･1Ⅹ㌔･
1ⅩP ∫ 3ⅩP)

S S

(T = 0-1290 eV).

high Z-material

Xe(0-15 MeV/amu) +

Au(0･1xps, 1ⅩPs, 3xP )
S

(T = 0-1568 eV).

n = 1025( 10261 1027 cm-3.

T=106-109oK



skupsky
(15)

Dar

et al.(16)

Peres

et al.(17)

Sayasov

Sayasov

(18)

(19)

エcbimaru

et al.
(20)

ih ^RPA･ ･

energy reflection depends on

the ratio of mean free path for

900 scattering and that for

energy loss入E･

e(8( , u) -method.

form factor Sk(u) by means of

RPA.

slowing-down cross section of

deuteron. triton and α.

ど (0(,叫-method.

form factor Sk(U) by means of

良PA.

plasma collective screening

effect in ion-plasma ion

scatter土n9.

small angle土on-ion scattering.

electron loss efficiency for

●

stopping heavy charged particle

in high-n, T plasma.

∈ (0(
,W) -method

no collisional and collisional

effects.

average field ほor r くく1)
S

and local field effects.

C (0{.W卜method.

energy loss of slow ions土n an

interacting electron gas.

see Ref. (18).

hot and dense plasmas.

correla七土on function.

local field effect.

67

E ≡ 3.5 MeV α-particle in

high-Z( Fermi-degenerate

shell (Au-tamper, n =

5x 1027cm-3, T= lkeV).

n三1024 - 1029 cm-3.

E = 0.O1 - 10 MeV.

Te = 0.

hi?h density and high T

plasma.

r く 6.03.
S

DT plasma.

classical plasma.

degenerate quantum plasma.

v <<vF･

degenerate electron 9aS.



Cover

et al.(21)

Deutscb

et al.
(22)

Maynard

et al.
(23)

Gouedard

et al.
(24)

Deutsch

et al.
(25)

Deutsch

et al.

Arista

et al.

(26)

(27)

(dE/dx )
(collective excitaヒion

of ion wave)/(dE/dx) (individual

ion-ion collision)
I

E (k,u) -method.

E (P(,uトmethod.

Lindhard T.s dimensionless

variable and other dimens土onless

parameters.

partially degenerate electron

fllユid.

E(k,W) at low T and high T limit.

E(a(, tL))-method.

exact 良PA E.

exact expression for the linear

response func七土on of dense

electron gas at any T in RPA.

c(k,w) -method.

linear response theory.

RpA at any T.

renormali2:ation group approach

to ionization: =. General

エI. Line shifts in partjally

ioni2;ed H. Re, and Ne.

∈(k,u) -method;

E=El+iC2･

expansion of dE/dt and

s s
-i/v(dE/dt)o･

low-frequency approximation for

E(k.u).

68

n = 1028 - 1033 cm-3.

E ≡ 3.5 MeV α-particle

incident on degenerate

electron-deuterlum plasma

with ℡. = 50 keV.
1

∩ ≡ 1025 cm-3.

T =0-4.68Ⅹ106K′and
e

E = 0.1 - loo MeV/amu for

beavy ions used in ェCF.

∩ ≡ 1027 cm-3.

T =TF,andE=3･5MeV
e

α-particle i.∩ Al plasma.

r < 1.
S

any velocity

ratioZvF･
n=1025-1029cm .

E = 0.1 - 100 MeV/古mu.

T=0-106K.

T + O and T + tD.

n = 1025 - 1029 cm13

vs. ℡.

dense plasma

n = 1025 cm-3.

e=kT/EF=0･1- 50･

Ⅴ/vF= 0･1′ 0･5′ 1′ and

lO.



Brandt
(28)

Kreussler

et al.

Schulz

et al.

(29)

(30)

Brandt
(31)

Brandt
(32)

Arista

et al.
(33)

material dependence of S;

variations of mean valence-

elec七ron densities.
★

validity of q -theoryミ

linear response approximation.

Z2 oscillations of S.

effective stopping Power Charge
●

fraく:Lion.

S for proton in the reduced form.

energy loss in plasmas of all

de9eneraC土es.

】■

test of q .

relative velocity･vr ≡

vr(ve′Ⅴ)

strong material dependence of q

theory and experiment:

effective cbar9e fraction ∈expt･

(expt･･ linear-response

theory on the basis of a

statistical model of ions of

●

91Ven V-dependent degree of

ioni2:ation.

C (8(, u卜method.

Thomas-Ferm土 model.

2:2 oscillations of S･

★

q in condensed matters.

★

general expression for q of

slow ions in dilute plasma atで.

classical and quantum transition.

collision logarithm L(n,T,Z).

69

vr/(voz12/3)
= o - 1･6

vl/vF
≡ 0･1･

kT/EF = 0･1 - 50･

ど ! solid.
S

He+ and D+ in Au(rs=l･49)･

C(1.66)′ Al(2.12). and

Cs(5.88).

Ⅴ/vo
≡ 0･47 - 1･28･

Zl=He, N, Ar.

z2=C′ Al′ Au･

s versus 7J2(25
- 200 Rev)･

relative effective charge
★

(q /Z)/q versus reduced

relative velocity

vr/voz12/3 (o･ i-l･0) ･

5 ≦

T = lop - 10-

ne= 1013 cm-3.

Ⅴくvtb･

zl≡92･
10･ - 109K.



Iafrate

et al.
く34)

エafrate

et al.
(35)

ziegler
(36)

ziegler
(37)

S土gmund

et al.
(38)

(C)

Brysk
(39)

E (k.h)ト･method.

Lindhard)s s

s = (4"me) (Zle2/v)2 n=･･(n,v)

E (k.u) -method.

spherically average Charge

density model.

charge density (flerman-Skillman,

1963) and (Moruzzi-Janak-

Williams. 1978).

Lindhard formalism.

E (駄,w) -method.

Lindhard's theory.

local density approximation.

free electron gas rr.ode1.

new calculation 工.

★ ★

q
H=(heavy

ion)/qH (hydrogen)

electronic contribution to T=0.

stopping by use of scaling from
●

●

proton stoppln9 powers.

S of emplrical fomula.

e(比′u) -method.

Lindhard's theory.

expansion of E(k.u) and

L(stopping nuzTd3er Of Lindhard).

kinematic basis of collisions

betweent two bodies.

electron distribution function f

and temperature in f.

energy loss rate (density and

temperature contribution).

70

n = 1-022
- 1032 cm-3.

E ≡ 〕OO, 1000, 10000

keV/amu.

E ≡ 100. 1000. 10000

keV/amu.

E > 200 keV/amu.

high electron density

x2 ≡

e2/-Fくく1･

high velocities.



Lampe
(40)

payne

et al.(41)

S i9ma

et al.(42)

(D)

Rule

e七al.(43)

quantum Lenard-Balescu equation.

collision frequency ycoll Of

electrons and ions in plasma is

larger than the appropriate

instability growth rate y.

Lenard-Balescu ccllisiorl. term

and Bhatnagar-Gross-Krook

approximatior. (3GK model).

the effects of departures from

local equilibrium due to

gradients in the p⊥aRJLlal.

α-particle S in a homogeneous and

inhomogeneous. plasm乙S.

Lenard-Balescu kinetic equation.

collective effects through

∈(k.u).

quantum correction for close

co11isions (1aL･ge angle

scattering)

classicalど(k,u) of medium to

which the part'icles lose

energy in distant collision.

extension of Fermils method for

deriving the densit.y effect.

proximity function.

new expression collective energy

loss for clusters in the

non-relat土Ⅴまstic limit.

71

low density.

e.g. T= 2500 .K

n =ユ.012 cm-3

E = 50 eV.

E… 0.5 - 4.5 HeV. (α) in

a fully ioni7.ed hydrogen

plasma ｡

∩ ≡ 1019 -･1023 cm-3.

1

keV′

1000 eV.

α-particle slow down in

electron-deuteron plasma:

(T_. = 100 keV. T_ = 50

n = 1014 cmei3),

'T'= 4

ke::3;:=an:
keV'

1

n= 1014

protons slow down ln

electron-proton plasma三

T･ ㌻ 0･5 keV･ T望3= lkeV･
1

n=5Ⅹ1013cm .

●



Basbas

et al.
(44)

Rule

et al.(45)

Sung

et al.(46)

E (k, uト-method.

confエ9urat土on effect on

integrations of clusters with

an electron gas and with single

atoms (vicinage effect) and.

similarly. with a system of

noninteracting atoms at

condensed matter.

classical harmon土c oscillator

model and quantum mecbanエcal

perヒurbat土on theory.

spatial configuration of ions

making up the cluster.

S of a di-cluste･r in a valence

electron gas.

fluctuations in cluster energy

loss.

analytic expression for the

vicina9e function.

twn particle vicinage

con七ribu七ion to S.

dipole-like behavior for large

separations between beam

particles.

beam-density effect on energy

loss.

Landau transport theory to

include the quantum mechanical

transition effect.

general approach developed

∈(k , u卜･method.

energy loss spectrum of a cluster

of correlated cbar9ed particles.

number operator formulation.

72

n

,君S2,(言霊-)1'2
n ≡ densl七y of 9aS atom.

zl, Z2
= ion charges

M = reduced mass of the

di-cluster.

■

a: typlCal condensed

matter density for

N= 103 cm-3, 14 eV,

zl=Z2=l･Ro=1Å

Ⅴ=5vo and f=0･1･

E = 5 Mew I

Proton With

beam density nb
≡ 6･44 x

1014 cm-3 in weakly

ionized_…2
(n

lO19cm
′n

= 2.67 Ⅹ

≡ 1.ll 冗

1015, Ⅹ 1016 cm-3, kT I

0.75 eV).



(E)

cowern
(･m)

Geエssel

et al.

Arnold

e七 al.

(48)

(49)

Antbony

et al.

(ど)

Bailey

et al.

(50)

(51)

●

charge-changing Cross Sections
★

and q .

charge fraction.

☆

q for Z⊥ (0･6HeV/-u) +Z2

z･1 ≡ Fr, Ⅹe, Pb, U-ions in Ar

gas (i.4 L4eV/amu)

sH=7
V′ Z2=

(q★)2sp`
Ⅴ′ z2,

where SH=p
vI Z2

and S
p
l VI Z2

are the stopping Powers Of heavy
●

ions and protons at the same

veleocity(Ⅴ)土n the same medium

(z2)･

S versus q.

observation of a gas-SOlid

:

difference ln the stoppln9

powers of (i-10,1抑eV/aLmu heavy

lOnS●

heavy ion beam heated cylinders

experiments

ion-beam energy deposition.

density profilet.

temperature profile.

experiment.

empirical formula of q/Zl･ and
★

(q /zl)I

s for Zl=C,Si,C1, Ti, I,Fe.

Ge, Br, Nb.

z2=C, A1, Cu, Ag, Au･

average atom model to 土n七e9rate

the rate equations.

73

1imま七 n + O and

n + 也.

z2; $Olid

0.5-10 MeV/amu heavy ion

hot dense matters

E: at energleS near

maximum in S.

E = i-loo Mew/amu.

で= 1′ 100. 300 eV.



electron raャes for bound-bound

excitation, bound-fr中e

ionization, radiative

recombiJlation and 3-body

recombination.

ion rates for bound-bound
&

exc土tation′ de-excitat土on and

bound-free ionization.

●

strip首Ing rate.

★

q /a.

n=6Ⅹ 1023 cm-3.

fu･11y ionized Al.

Bailey

et al.
(52)

Brice
(53)

Grygoriev

et al.
(54)

Burenkov

et al.
(55)

Ferrariis

e七 al.
(56)

see Ref. (51J.

three parameter semi-

phenomenolo91Cal manner.

modified Firsov formalism.

s ≡ s (core electron)
+ Sf

sf = S (electron-hole

generation)
+ p

pl

v <-
vo: elastic collision

v >>
vo: ionization

modified Firsov-s theory.

Bonderup stat土st土cal model.

Brandt-Reinheimer formalism.

role of different electronic

subshe11s in a solid for

proton energy loss.

semiclassical theory for energy

loss of heavy nonrelativistic

●

10nS■

BEA.

modified Firsov theory.

nondegenerate plasma

BEA between test particle and

particles in plasma.

74

ヽ

low and high ener91eS

E ≡ (200-400) keV-proton +

Z2 for S･

E ≡ (50-500) keV-proton +

29cu1 27co1 23v
for S.

E = 0.O1-12 MeV/amu

zl=F.Mg,S

z2=Ne, Ni, Fe, Ag･

Zl=S

z2 = Ne, Ar-gas･

T=104-108K.

Ⅴ = 0.1 - 100 a.u.



quantum mechanical analysis of

the scattering 0f parヒial wave.

energy loss (Ⅴ. q. n. ℡).

℡ah土r

et al.(57)

Wright

et al.
(58)

Santarius

et al.
(59)

Sternheimer

et al.

Beyon

(60)

(61)

Su91yama
(62)

energy deposition code GORGON

also see Ref. (9). (10). and

Long and Tahir: Nuclear

Re∈;earcb Centre Xarlsruhe

Report (1981) KfK 3232.

Long: GS= Report i'1981) 81-3.

p.19.

charge exchange and energy loss

of C ion∈;.

sem土empirical charge eXChan9e

cross section.

3-D }ionte Carlo transport code.

-dE / dx-～ 6 keVcm-3 / g

(density in g/cm3) for C in

N2-gas ･

bounce averaged Fokker-Planck

equation for α-particle slow-

ing down in electron and ion

plasma.

numerical evaluation of the

density effect.

fi七tln9 formula.

Bethe 's
stopping Power formula

ioni2:ation potential I and S.

formalism of energy dis七ribut土on

function for ICY target.

modified Bethe formula.

modified LSS formula.

75

heatvy ion beam Pb in LiPb,

DT.

p ≡ 10-2 T 104 (g/cc)

℡ = 1 eV
- 10 keV

p=ユ.0-4- 108 (帖)

1土gh七ion-beam for 工CF.

E - 0.5-2.0.qeV/amu

T = 300 keV.
e

electro-static potential:

100 keV.

Z = 1-98.

chemical compounds and

substaIICeS Of biologlCal

土nterest.

E == 0.04-5 MeV/amu.



loヰ

Fig.i Plasma conditions. The ordinates represent the electron plasma

temperature T and the abscissa displays the one-electron

radius

scale)

I
S

aS

(a.u.) , relaJ:ed to the electron density n(upper

(4"3)/rs3 = i/nao3･ The line x2 = i separates the

conditions in strongly interacting plasnas from those in

weakly interacting plasmas･ The lines v

-
-

vo and v =

vo/3
e e

indicate the transition region between the plasma where
●

classical theories describe the energy loss (lower right-hand

quadrant) and all other plasmas Where quantum-mechdnical

descriptions are appropriate･ Below the line 0 = kT/EF

-
-

i,

the plasmas are degenerate or cold, whereas above the line

they are nondegenerate or hot.
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1

I
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I

1

I
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JNCIDENT VELOCITY (a.u.)

summary(56) of the theories of the stopping power of ions in

an electron plasma, based on the description of the collision

logarith-且nA･ For lnA, CLl and CL2 represent the cases of

low velocities (v < vth < ZIVo) and inte-ediate (vth < v

< zIVo) at low temperatures in the classical approximation･

respectively･ QHl and･QET42 rePreSenヒthe cases of low (v <

zIVo <
vth) and high velocities (v > Vth > ZIVo ) at high

temperatures in the quantum-mechnical approximation ,

respectively･ The 3ohr theory corresponds to CL2 limit and

the Bethe theory corresponds to QH2｡ Arrows indicate the

direct.i.ons of increasing (1, +) (or decreasing, 1 +) ion

velocity or increasing (or decreasing) plasma temperature.

These regions areく:escribed as 川transition reg10n'■.
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七言
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Fig.3

Energy tkeV)

Cohparison of proton stopping Power in Al as a function of

energy.･ au甘mented-LO出node1 (solid line) ,
GOS model

(diamond). Ziegler's analytic fit to experiment (dotted line).

plot a is for neutral AIT ら for A13+ plasmar c for A17十′ a[nd d

for Alll+ plasmar respectively.
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Fig.4

Energy (Rev)

Comparison of proton stopping power in Au as a function of

energy: augmented-LOM model (solid line) , GOS model

(diamonds) , Ziegler's analytic fit to experiment (dotted

line). Plot a is for neutral Ant b for Au10+ plasma, c for

Au20+I and a for Au30+ plasmar respectively'
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Fig･5 Stopplng power Of O･OI po

Au at T = 200 eV for C ions.
e
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一oo 200

R Lmg/cm2)

Fig･6 Stopp=ng power aS a function

of range for Bi ions on Pb for

different target temperatures ･

50 100 150

R (mg/crn2)

Fig.7 Stopplng power aS a function

of range for B土ions on工一土for

different temperatures ･

一oo 200 300

R 【rng/cm2】

Fig.8 Energy deposition of 10-GeV Bi ions in the absorption layers

of H工BAm pellet. Solid line is for cold target, broken line

for typical temperatures during implosion･
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Fig.9 Deposition profiles for 2-MeV prcJtOnS in Au at a density of

o.193 g/cn3 as a function of temperature･
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O
l -~ー

Fig.10 Variation of the range of 2-出eV protons in Au as a function of

density and temperature.

Fig･11 variation of the range of 10-GeV U ions in Au as a function
of

dens土ty and七印pera七ure.

83



■一ヽ

NE 20

i;SEE
lコl

∈
l己!

> O
C)
⊆:∃

ヽ■■′

⊂:iiコ

;く
q_

S 60
iZ!

L山
一一っ

Fig.12 Energy loss as a function of- proton energy in Au targets at

the temperature of i key. Free electron contribution is

estimated according tg,･ (a) BiLlary CつIlision theory with

plasma oscillations, (b) Dielectric function without plasma

co11isions, quantum fom (collisional effects are negligible

in the low density case) , (c) Dielectric function with plasma

co11isions, classiL･al fo-.･1ith cutoff at kB, (d) Experimental

energy loss in a cold target.
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Fig. 19 The charge state Zeff Of an Al ion with the initial energy of

54 Mew as a function of its energy as it is slowed in C

targets at various temperatures･ The transition from Z=3 is

very fast and not shown･ The enplrical curve of Bet2: is shown

for comparison.

8

E (MeV)

★

Fig.20 The charge state q of C ions with initial energy of 12 MeV as

a function of its energy as it is slowed in a fully ioni2:ed Li

target as compared with the empirical curve of Bet2: for a Au
●

target.
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Fig.22 RPA Coulomb logarithm as a function of the temperature for

different electron densities. The vertical line on each c･1rVe

indicates the Fermi temperature.
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Fig.24 Curve i.･ Lindhard approximation

G=O in the fomula (4.34),･ curve

circles are experimental values.

expressed in units of eV/Å (Z=1).
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Fig.33 The ratio of the beam-density contribution WB tO the

single-particle energy loss Ws vs the distance of a bean

particle from the beam front. The curves were generated for a

5-Mew proton beam with beam density nb ≡ 6･44 Ⅹ 1014 cm-3

interacting with partially ionized H2 COntaining n free

elect∫ons per cubic centimeter.
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Fig.38 Calculated energy loss of Mg-ions in Ti. The broken curve:

the energy loss due to electron exchange,･ the chain curve: the

energy loss dt=e to excitation or ionization of the medium

electrons by projectile nucleus field,･ the solid curve= total

energy loss.
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