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The effective charge Z .+ of fast heavy ions slowing down in hot dense matter is calculated simul-
taneously with the stopping power dE /dx. The various ionization and recombination processes
determining Z ¢ are discussed, and corresponding rate coefficients are given; particular attention is
paid to dielectronic recombination which turns out to be the dominant capture mechanism in highly
ionized target material. Important results are (1) the effective charge of heavy ions passing through
matter is considerably higher for fully ionized plasma than for cold target matter; (2) in contrast to
stopping in cold targets, where Z  runs through a series of equilibrium charge states essentially
determined by the instantaneous projectile velocity, high nonequilibrium charge states of the projec-
tile are found in strongly ionized targets due to reduced recombination and faster stopping; (3) this
causes additional range shortening, in some cases by factors 2—7, in particular for relatively low
projectile energies (Ej,, <2 MeV/u) and target densities (n <10%* cm™3). Typical results for Z.;
and dE /dx in this parameter region are presented. They are compared with recent experimental
data; new experiments are proposed. Concerning applications to heavy-ion-driven inertial fusion,
the described effects become relevant at the end of the range, and some illustrative cases are dis-
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cussed.

I. INTRODUCTION

The stopping power dE /dx of heavy ions in matter is
proportional to the square of the effective charge Z .4 of
the projectile

_4dE
dx

at least in leading order. In the preceding paper! (here-
after called paper I) the plasma physics aspects of stop-
ping heavy ions in highly ionized matter were discussed,
showing that the scaling given by Eq. (1) is valid for

Zeﬁ" 1
3 3 35 <<1. (2)
nAp 1+v,/(kgT/m)

“Zy (1)

Here, n,,T,m are density, temperature, and mass of the
plasma electrons, respectively; v, is the projectile ion ve-
locity, and the Debye length is given by
Ap=(kpT /47n,e*)!/%. In paper I it was assumed that
Z i is a fixed number. In this second paper, the physics
determining Z 4 is considered.

For protons, and also for light ions of sufficient energy,
Z s is equal to the nuclear charge Z . and does not
change along the stopping path. For heavy ions, howev-
er, the change of Z 4 plays an important role, in particu-
lar, close to the end of the range. In cold condensed
matter, Z 5 is essentially a function of the projectile ve-
locity v, reflecting the fact that the ionization and recom-
bination processes determining Z & occur on a timescale
shorter than the energy loss and the charge states, there-
fore, evolve along a sequence of equilibrium values. Typi-
cally semiempirical formulas for Z (v, ) like the Betz for-
mula’ or the one by Nikolaev and Dmitriev? have been
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used in stopping-power calculations, even for hot ionized
stopping material.**

For highly ionized plasma targets, however, equilibri-
um values of Z_; are often not reached. Since recom-
bination is strongly reduced, times for relaxation of Z
and for stopping may often become comparable and the
charge states proceed through sequences of nonequilibri-
um states. In this case one has to solve rate equations for
Z . simultaneously with the equation of energy loss.
This is done in the following.

The present calculations extend the pioneering work of
Nardi and Zinamon® who were the first to predict consid-
erably enhanced Z . in plasma. An important point in
the present paper is the inclusion of dielectronic recom-
bination’ which is often the dominant recombination pro-
cess in fully ionized plasma exceeding radiative electron
capture and three-body recombination. The rate
coefficient of the standard ionization and recombination
processes are introduced in Sec. II, and corresponding
equilibrium charge states are calculated for the example
of iodine projectiles in hydrogen plasma and cold hydro-
gen gas. Dielectronic recombination is then discussed in
detail in Sec. I1I, and effects of high density becoming im-
portant at electron densities n, X 10*° cm 3 are treated in
Sec. IV. Three-body recombination and, in particular,
dielectronic recombination are strongly dependent on
density.

The present work is based on relatively simple atomic
modeling and utilizes screened hydrogenic energies and
oscillator strengths. This simplification is necessary in
view of the large parameter space {n,,T,,0,,Z ¢, Zg} tO
be covered and appears to be justified since the rate
coefficients vary over many orders of magnitude as a
function of Z 4 so that an accuracy up to a factor of 2 in
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the rates appears already satisfactory.

In Sec. V, the full time-dependent rate equations are
solved together with the equations for energy loss for
some representative cases. Experimental data on the en-
ergy loss of heavy ions in plasma have been obtained re-
cently,® 1 and a comparison with the best set of data
published so far!! will be given. In the experiments, a ful-
ly ionized H plasma was produced with a Z pinch, and
the energy loss of 1.4-MeV/u Pb ions could be measured
up to a maximum plasma density of 2.5X10'® c¢cm™3.
Range shortening and the effects of dielectronic recom-
bination and nonequilibrium charge states are rather pro-
nounced in the parameter region covered by these experi-
ments. In applications to heavy-ion inertial-confinement
fusion (ICF) ion energies and target densities are typically
higher; two cases relevant to ICF (Ref. 12) are included
in the discussion of Sec. V.

II. CHARGE STATES
OF IONS PENETRATING PLASMA

The effective charge of a projectile ion
z

P
Z4(v,,t)= 3 ZPz(v,,t) (3)
Z=0

is defined in terms of the probability P, of finding the ion
in charge state Z (0=Z =Z ). The P, are normalized
according to 3, P,=1. The charge-state distribution
satisfies the rate equations
dPz(v,,1) ,
—a S [a(Z'—=Z)Pz(v,,t)
Z' (#Z)

—a(Z—Z")P4(v,,1)], 4)

where a(Z —Z") is the total rate describing the number
of transitions Z —Z' per unit time. The total rate is the
sum over all rates of the individual loss and capture pro-
cesses (@=3; a;), which are related to the cross sections
o; by

al_zfd3ufi(v,vp)a,»(vp)|v| ) (3)

where f; is the shifted Maxwellian distribution of the

1
plasma electrons or ions as seen by a projectile ion mov-

ing with velocity v,

3/2
m; ~(m; /2kg Ty)v+v, )

— 6
2wkp T, (©

filv,v,)=n;

Here, n; and 7; are the plasma electron or ion density
and temperature, respectively. We solve the rate equa-
tions numerically taking only one-electron processes
a(Z —Z=*1) into consideration. This is a good approxi-
mation particularly for low-Z targets.>

In the following the ionization and recombination
cross sections o; for ions moving through a plasma are
summarized and compared with the cross sections in a
cold target gas. We utilize the simple Slater model for
the calculation of screened hydrogenlike atomic ener-
gies!3 and oscillator strengths; a simplification that ap-
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pears to be justified in view of the extensive parameter
space {n,,T,,0,,Z,,,Z.x} examined in this survey.

A. Ionization by Coulomb collisions
with target ions or free electrons

Among the simple, semiclassical approximations
describing atomic ionization the binary-encounter model
(BEM) is one of the most successful schemes. Following
Gryzinski'* the cross section for ionization of an electron
sitting in the nth shell of the projectile ion in a collision

with the target ion is given by
Z,e? v

U

(7

UBEMIENnUnZZNnW —UL

n n n n
Here, N, is the number of electrons in the nth shell, U, is
their binding energy, and v, =1 2U, /m their orbital ve-
locity. The function G accounts for the velocity match-

ing v, =, for optimal ionization:!

C(3/2
G(V)= = [a+2(1+B)n(2.7+ V)]
X(1—B)1—pI+VDy ®)

where a=V?2/(1+V?), B=1/[4V(1+V)] for V > 0.206.
For V' <0.206 it is G(V)=4V*/15.

In the case of a fully ionized plasma Z, is the nuclear
charge of the target ions. If there are bound electrons,
the nuclear charge will be partially screened, and an
effective target charge Z* has to be used in Eq. (7). De-
pending on its velocity v, the projectile will penetrate
more or less deeply into the target atom. According to
Bell'® we approximate Z* as the charge within a sphere
of radius b, =40, /m. Hence, the calculation of Z}* re-

quires the solution of the equations
UVl bn

Zt*(bn)zzt ,
eV G(v,/v,)
9

b”
ZXb,)=Z, =3 N, [ "dr Iy,

where ,;(r) is the normalized wave function of an ith
shell electron. The rate for Coulomb ionization is
appm =V,h;0gpm- The upper dashed line in Fig. 1 shows
the rate coefficient for the case of an iodine beam with
v, =1.5ac in a hydrogen plasma with temperature 7'=10
eV and ion density n;=10'7 cm™3% According to the
Saha equation only a relative fraction of 2X107° of the
electrons are bound in such a plasma.

The main difference between ionizing collisions with
target ions and free electrons is the ionization edge (see
lower dashed curve in Fig. 1): electrons with v, <v, do
not have enough kinetic energy for ionization of a bound
electron in the nth shell. Following Lotz!” we adapt the
ionization cross section in collisions with free electrons

0,=3 N,0,=4X10"" (cmeV)?

sy DEV) 0
2N (E,—U,), (10

n

n r
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with the step function ©(x)=(|x|+x)/2. We approxi-
mate the relative energy between projectile ion and plas-
ma electron by E,=(m/2v}=(m/ 2)(v;+v{). The
rate is a,~v,n,0,. The edge at I**" —I?°* in Fig. 1
corresponds to the transition from the N shell to the M
shell; the electrons do not have enough energy for M-
shell ionization.

B. Radiative electron capture and three-body recombination

The cross section for radiative electron capture (REC)
is related to the electronic transition probability
A(n'—n) between major shells n’—>n in the projectile
(charge state Z) with energy E,.—E, =#w. In the quasi-
clalsgsical approximation following Zel’dovich and Raiz-
er:

2 2
Ao [A_Z_

n2 nfz

1

1
3 13

n- n

(11)
According to Menzel and Pekeris!® the free-bound transi-
tion in the REC process can be calculated from Eq. (11)
using the substitution n’' =ik, where « is the inverse ve-
locity v of the photoelectron in units ac:

4
A(n'—»n)dKOCZ—3—-——l—d—';
ol 1w
nt K2
4
Z -
n
%—szl

A dk is proportional to the rate of REC into the nth pro-
jectile shell (o,v)d* =(o,v)4mv2dv. The quantitative
result due to Menzel?® and Spitzer?! is

Yo _hvo g

:A ==
g, v m, 2)13
v
2 r
— 2% he? — -22 2
where A = 3372 a3 =2.1X10 cm” , (13)

e

r

hv
hv=%m8v2+—n-22, hvy=Z*Ry .

g is the free-bound Gaunt factor, g ~ 1.
To obtain the total rate agpyc=v,n,0xpc one has to

(Ze*)’E}’E}"E}
ocr=4.1X10*S 3 Na,, L
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sum from the ground state n, (with N, electrons) up to

4
large quantum numbers. In the hydrogenlike approxima-
tion
N,

1——=
2ng2

a,+ S a,. (14)

g =
n ng+1

QAREC™

The quantity aygc is shown in Fig. 1 as a solid curve.

In plasmas with high density the probability for a
simultaneous collision of the projectile ion with two elec-
trons increases. One of these electrons can be captured
by the projectile, while the other carries away the excess
energy. Zel’dovich and Raizer'® described this three-
body recombination process (3BR) using a simple classi-
cal picture. They find

257T26 10Z 3ne
aBBRZT 9

, cm® Z3n,/cm?)

=2.92x107"° 5
sec (v, /ac)

(15)

which is in good agreement with the precise theory by Pi-
taevskii’? and Gurevich.2> We compare this with radia-

tive electron capture (v, in ac,n, in cm 7 3):
4
£ _en

3 &he 6
a Zv
—EE < 1.6X107———=1.6X107—" . (16)
O3pR Z’n, n,

v? e

¥

For laboratory plasmas radiative electron capture is
many orders of magnitude larger than three-body recom-
bination. For 1.5 MeV/u ions (v, =7.75ac) the two rates
are comparable only if the density is close to solid-state
density (Fig. 1).

C. Capture of bound target electrons

If the target is not fully ionized a bound electron can
be transferred from a target ion to the projectile [charge
transfer (CT)]. Oppenheimer?* and Brinkmann and Kra-
mers®® calculated the cross section (OBK theory) for this
process in first Born approximation with the simple in-
teraction potential —e?/r and unperturbed hydrogenlike
wave functions (Laguerre polynomials). Following Betz?
the analytic results for the cross sections can be general-
ized by appropriate scaling to nuclei of arbitrary charge.
We use the cross section averaged over all initial (/,m)
states and summed over all final (/,m) states (May’s sum
rule;?® Betz?):

ni nf

where E; and E are the binding energies of the electron
(>0) in initial and final state, respectively, Z is the
charge state of the projectile, E, =mv?/2, and N, the
number of electrons in the shell of the target. Equation

(ER+2E(E,+E;)+(E,—E/)*)

, (17

[

(17) contains a reduction factor a,, (in the usual OBK
theory a.;, =1). To cure the deficiency of the first-order
Born approximation, which neglects the interaction be-
tween target and projectile after the charge transfer and
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the possibility of the target ion to recapture the electron,
Eichler et al.?” developed an eikonal theory for the cal-
culation of the reduction factor. They showed that

TNY; v, /2—€
Aoy = mexp —2nv;arctan ‘—U—,_—
X[B+(Lv?+iem*+ Syt (18)

where n=ac /v,, €=(E,—E;)/(1 Ry), and v;=[E,; /(1
Ry)]'”2. Generally 0.1 Sa,;, $0.4.

We used the eikonal-corrected OBK theory for the rate
acr=U,n;0cr in all our computations. Figure 1 shows in
addition to all the other processes also the charge-
transfer-rate coefficient in the 10-eV plasma that stems
from the small part (2X107%) of bound electrons. For
comparison Fig. 2 shows the rate coefficients in a cold hy-
drogen gas of the same density 10'7 cm 3. The total loss
rates in both cases do not differ considerably, but the cap-
ture rate drops in the plasma case by about three orders
of magnitude.

For large projectile velocities we have approximately

3/2
Z2E5/2 E;
i 11 5/2
acr 9 » o Ei zZ
=10 7 =10"—3 , (19)
OREC Z v,Z,
3.3
Uplty
with E; in Ry and v, in ac. In cold plasmas with many

bound electrons the OBK rate is typically many orders of
magnitude larger than the radiative recombination.

D. Solution of the rate equations
neglecting dielectronic recombination

The total rates for ionization and recombination
without dielectronic recombination are

aZ—-Z+1)=ogem(Z)v,n; + 0 (Z),n, , )
(20
A Z—->Z—1)=oc(Zyn;+[ogpc(Z)+0o3pr(Z)]0,n, .
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FIG. 1. Rates of electron capture and loss for a 1.5-MeV/u
iodine beam in a 10-eV hydrogen plasma with n, =10'7 cm ™3,
The intersection between capture and loss curves is close to the
equilibrium charge Z.,(v,) at constant velocity (arrow).
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FIG. 2. Rates for 1.5-MeV/u iodine in cold hydrogen gas
with n, =10 cm™3. Here the equilibrium charge is about 21
(arrow), thus considerably less than in the plasma case (Fig. 1).

With these rates we solved the rate equations for 1.5
MeV/u iodine ions incident on 10-eV hydrogen plasma
with a density of 10'” cm™3. Figure 3 shows the charge-
state evolution starting from Z ;=0. Figure 4 shows the
equilibrium effective charge Z, as a function of projec-
tile velocity or ion energy per nucleon calculated from
the intersection points of loss and capture rates. For
v, = 10ac we find Z g 1o, >>Zq coq- Only at very high ve-
locities iS Z g hot S Z eq,cold» DECaUSE, according to Eq. (19),
the cross section for charge transfer drops faster at high
velocities than the cross section for radiative capture.
Figure 3 also reveals that the equilibrium areal density
[ n.dl (integrated from Z=0 to Z=2Z,,—1) will be in-
creased by two orders of magnitude. Thus, in order to
observe the strong difference of the effective charges in
plasma and cold gas in a laboratory experiment it is
essential to have a plasma of high enough areal density;

in the illustrated case typically about 10%° cm 2.

TIME EVOLUTION
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FIG. 3. Time evolution of the effective charge of an iodine
beam with 1.5 MeV/u in hydrogen neglecting stopping-power
effects. The beam ions have charge zero initially. The dash-
dotted line gives the semiempirical value of Betz (Ref. 2) for
cold gas.
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FIG. 4. Equilibrium charge state Z, for I—>H. The target is
either 10-eV hydrogen plasma with n,=10'7 cm ™2 or cold hy-
drogen gas of the same density; dielectronic recombination is
not considered.

III. THE SPECIAL ROLE
OF DIELECTRONIC RECOMBINATION

In this section the theory of dielectronic recombination
for the case of moving ions in plasma is developed. In ad-
dition to autoionization of the captured electron the au-
toionization of valence electrons is introduced, which be-
comes important for heavy ions, if the velocity v, is high
enough to excite electrons from inner shells. It is shown
that dielectronic recombination (DR) is often the dom-
inant capture mechanism and therefore influences the
charge state of fast ions in plasma considerably.

A. The mechanism of dielectronic recombination

Dielectronic recombination is a two-step process in
which a free electron with kinetic energy E, is captured
by an ion X of charge Z and the excess energy is
transferred to another electron already bound in shell
i =(n;l;), which will be excited to shell j =(n;l;):

AH
X(Z,i)+e(E,,I+1)——X**Z—1,jnl) . @21

The free electron tends to be captured into a highly excit-
ed level n >>1, from where it will usually autoionize by
the process Eq. (21) running from right to left (Auger
effect with rate 4,). In order to stabilize X **, the energy
has to leave the system by other means, for example via a
stabilizing radiative decay (with rate 4, ):

AH
X**(Z—1,jnl)——X*(Z—1,inl)+#w . (22)

The photon carries the energy #io=E ;—E;. Because of
its longer lifetime the higher excited electron remains
after the i —j transition in the (nl) level, until it finally
cascades down to the ground state. Jacobs et al.?® exam-
ined the possibility of other channels for the radiative de-
cay j—k, where n; <n, <n;. The present work takes
only the decay to state i into consideration.
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Energy conservation requires E, —E,,=E; — E;, where
E, is the kinetic energy of the free electron, E; the bind-
ing energy of the initially bound electron (possibly in an
inner shell), and E; and E,; the energies of the excited
states. At first we describe an ion being at rest in a plas-
ma. The number of DR processes per unit volume and
time is n(X**)A4,. This yields a rate -coefficient
apr/m,=n(X**)A4,/n(X)n,. Following the principle of
detailed balance the total loss of doubly excited ions
n(X**)(A,+ A,) is identical with the loss ng,,,(X**) 4
in a Saha equilibrium

a

n(X**)= Mana (X **) (23)

e
A,+ A4,
where ng,,, is given by

nSaha(X**)
n(X)n,

_8(Z—1,jnl£1) h3 .
2¢(Z,i)  (2mmkyT)*"?

—E, /kBT

(24)

Here, g(Z,i) and g(Z —1,jnl%1) are statistical weights
of the states X(Z,i) and X**(Z —1,jnl+1):

|8 8j L 8i g
8ZD= N | |N, | 8ZD= N +1]|N,+1]°
N -4 8
gZ=1jnD= |y Ty | |y 4 2@IFD, 09

g =221 +1), g;=2(21;+1).

N; and N; are occupation numbers of shells i and j of the
ion X (Z,i). Hence the rate for the DR specified by the
quantum numbers (ijn!) becomes?’

A (j—i)A,(jnl —iE; 1%+1)
A (j—i)+ A,(jnl —iE, 1£1)
w EZ=Ljnl£1)

2,(Z,i)
hn,

X—————F—c¢
(2mmkyT)3"?

aDR( l_]nl ):

—(E;~E 4 E,)/kyT 26)

The quantity A, A4,/(A,+ A,) is called branching ratio
or fluorescence yield.

B. The rates A, for stabilizing decay
and A4, for autoionization

The decay rate A, for radiative stabilization is given in
terms of the Einstein- 4 coefficient, provided the captured
electron in shell n can be treated merely as a “‘spectator-
electron,” which does not influence the j — i transition:

g&—N;+1 |
A,(j—>i)=(N;+1)=——— 4" i),
&j
where 7
2
E —E,;
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AV is the absorption rate for one electron and f (i —j)

the absorption oscillator strength of the i —j excitation

which we approximate by the results for hydrogen.*
More involved is the calculation of the autoionization

rate. The principal of detailed balance yields

2021+ 1)g(Z,j) A, (jnl —iE,1+1)

1 vo(iE l£1—jnl)

C‘/ ’

=g(Z,i2v [ d° pes (28)

where 9V is the volume. With the density of states
p(E)=1/(dE /dn)=1/(2Z*/n* Ry) for the high-lying
(nl) state one finds

277

o(iE lt1—jnl)= (ifiwlt1—jnl)8(E —fiw) .

(29)

Due to the & function Eq. (28) can be evaluated. Follow-
ing Burgess®' and Jacobs et al.?® we approximate the
capture cross section o on the right-hand side of Eq. (29)
by the excitation cross section

olifiwl+1—jnl)~0 (iE 1+1—E,l)| (30)

E=0
for a free-free collision at threshold E,
evaluate the excitation cross section o
the Born approximation32

=E,—E; We

exc Making use of

OescliE 1= JE D)= K fak 1,1 D1
(31)
The momenta #k=(2mE;)/? and #k'=(2mE,.)""?

characterize the wave functions of the free electron be-
fore and after the collision, and k’=k’/|k’|. With posi-
tion vectors r; and r, for the bound and the free electron,
respectively, the interaction potential takes the form
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O o lIE X1 —jE )=

1
a2l k Gl
ap

2
(s )
The interpretation of Eq. (32) is that in the Coulomb field
of the atomic electron the colliding electron emits a pho-
ton, which then is absorbed in the i — j transition. In Eq.
2), (k'Ir,/r3|k) is the matrix element of the Coulomb
force for the emission of a photon in a free-free transi-
tion, and (j |r1|i) is the matrix element of the dipole
operator for the bound-bound transition i — j.
Introducing the partial Kramers-Gaunt factor>?

x [ dk’ (32)

-2
2

_ 2
kk'V'3 ~ r
Gk k)= dk'’ <k’ - k> (33)
! 3277_4 f 3
the excitation cross sections reads
O o IE I E1—jE.1)
87> 1Ry 1Ry .
= —— N ! .
V3 E, E,—E, SU—j)G (k' k) (34)
The oscillator strength fli—j) reduces to the one-
particle form f according to f(i—j)=N,(g;

—N; /gjf(”(l-»]) Hence, the autoionization rate 4,
becomes

g(Z,i) g;—N;

A (jnl —iE 1+1)= LN,
J , g(Z,)) g;
X AV(jnl —iE 1+1) , (35)
where R
1Ry Z> IR 1
O(jnl —iE I+1 : Y
(nl =B D= \/3 i nd E—E; (21+1)

X fi—j)8,(kk") .

Most of the weight factors cancel each other and one ob-

V= —r,"1,¢*/r3, and one obtains tains for the total rate
|
hn ANAY (g g g kT
OpR= N g1y D T T E A (36)
DR <2mnkBT)3/2;2,"§ g; AN+ 45V
[
with the degeneracy factors g; ; =2(2/, ; +1). n—1 0.4 ~— 43T
- 2 ~0.0 = N .~ 2% — o —(0.6/n%3Vd ) -1
Finally we need the partial Gaunt-factor §;. For the / 2 9=0.2=Ny= vV Vd(2—e " >
dependence we use the exponential expression -
CdU—1 2 (38)
¢, =Nye d(1—1,) (37)

extracted by Gau and Hahn® from extensive Hartree-
Fock calculations. Here, l,= n?3/V1+x,
d=V'1+x /2.5n, and x=n’E, /Z* Ry The 9,’s are
normalized to van Regemorter’s value at threshold>*

J

(21 +1)e —4*

fln)=

A(I)A(l)
S2l+1)——

7 AV AL T nd 20+ 1) e

It is of interest to note the slow convergence of the /

sum in Eq. (36). Using d= (“2—]‘2)‘/2/25 and
¢=5.9%10"7Z%i "*—j?)!/? we obtain in a rough ap-
proximation
n—1)2 3,d(n—1)?
zf( 1)d§ }1 —(n —l)z—lln 14+cn’e -
0 cnle?+1 d 1+cn

(39)
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with the asymptotic forms f(n)—(n —1)? for n <<¢ 173
and f(n)—1/(dc n3) for n >>¢ ~!/3. The following table
shows for a transition i =2 to j =3 the principal quan-
tum numbers n of those shells where the function f(n)
has its maximum (100%), and where it has fallen to 10%
or 1% of this maximum value, respectively, as a function
of the ion charge Z.

Y4 "100% 0% 1%

2 8 70 166
10 7 15 33
30 3 9 19

It is seen that the convergence of the dielectronic sum
Eq. (39) becomes faster for high-Z ions, though highly ex-
cited levels (nl) play an important role even for high-
charge states. This behavior is very different from the
rigorous 1/n3 dependence of radiative electron capture.
In the present calculations of the dielectronic rate
coefficients shells up to n =50 are taken into account.
The convergence of the dielectronic sum has important
physical consequences, because the captured electron in
the highly excited state is very likely to be reionized in
secondary collisions due to its long lifetime®® (7, < n3/?)
and weak binding (E=Z2/n? Ry). The rate for this
two-step process is proportional to the square of the tar-
get density. These density effects are treated in Sec. V.

C. Dielectric recombination for a moving ion

The results of Sec. III B are valid only for an ion at rest
relative to the plasma. Here, we need apg for ions mov-
ing with velocity v, through the plasma. The projectile
sees the plasma electrons with a shifted Maxwellian dis-
tribution

m 2 —(m/kpT)(v+v, )
S, = 2wkg T (40)
The dielectronic rate
apr= [ d% f(v,v,)opR(E)|v] 41)

can be easily generalized for this case due to the reso-
J

X(Z,iTiy))+e(E,I1+1)—>X**(Z—1,i7  'i,jnl)—
1°%2 k 1 2

Only the upper two paths correspond to the usual dielec-
tronic processes. We use the rate 4, in Sec. III B to ap-
proximate the additional autoionization channels of
valence electrons; to do so we substitute n —n;, or rather
n—n; and E,—E;—>E(Z—1, i" Y, jnl)— E(Z imnl)

in Eq. (35). The branching ratio becomes

X*(Z
X(Z,iMi,))+e(E,,1+1),

X(Z,iTnl)+e(Ey, 1 £1), (43)
X(Z,i7nl)+e(Eg, 1, £1),
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nance condition o pg (
instead of Eq. (36)

h3n N
(2mmkyT) m;?% ;
14(1)14(1)
r a

X ‘4(1)4_‘4(1)
r a

E)<8(E—(E,—E;+E,)) yielding

apr= (21 +1)

F(s,1) ,

where
e—<s—:)2_e4(s+z)2

4st

F(s,t)

with

172 172

2
nnvp

2k, T

E,—E,+E,
kT

s =

(42)

’

In the limit v, —0 the pure plasma case is recovered,
F(s,t)—>exp[ —(E;,—E;+E,)/kpT]. The rate is largest
for temperatures with E,—E;~3kpT (e,
5==(3/2)*?>>1). In the other limit of fast ions in low-
temperature plasma (v, >> Um) the resonance condition
is satisfied if (m /2)v ~E,~E,+E,>ksT (e,
s=t>>1). In the latter case the beam probes individual
resonance lines of width k; T as a function of projectile
velocity.

D. Autoionization of valence electrons
following the excitation of inner-shell electrons

The aim of this section is to extend the treatment for
dielectric recombination as outlined above in a direction
important for fast heavy ions in plasma. The excitation
of bound electrons out of inner shells plays a significant
role in the case of high relative velocities between the
heavy ion and the free electron. The ions resulting from
such an encounter can decay via many autoionization
channels. We consider an ion with m electrons in an
inner shell /| and one valence electron in shell i,. If one
of the inner-shell electrons is excited in the course of a
dielectronic capture i;—j with njzniz, the following

processes are possible:

—1,iM,nl)+ %o,

X*M(Z—1,iTjnl)+%e".

[
A, A,
A, + 4,

4,4,
—_— .
A+ A, + AP

(44)

A/ stands for the sum of the processes yielding autoioni-
zation of valence electrons.
A typical result for the rate coefficient of dielectronic
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recombination in fast collisions of heavy ions with elec-
trons is given in Fig. 5 taking into account all the pro-
cesses described above, as well as the density effects on
app discussed in Sec. IV. The dependence of apg on the
charge state Z is plotted for a 1.5-MeV/u iodine beam in
a fully ionized hydrogen plasma with a temperature 10
eV and a density 10%° cm™>. In addition the rate
coefficients of radiative electron capture and electron loss
of Fig. 1 are shown again for comparison. Similar results
for 10-eV hydrogen plasma with a density of 10'7 cm 3
were published in Ref. 7. In contrast to the smooth be-
havior of radiative capture apg develops a pronounced
shell structure. Dielectronic recombination exceeds radi-
ative electron capture by one to two orders of magnitude
in the case of ions with valence electrons in the shells 3s,
3p, and 3d(25=Z <42), corresponding to the dominant
M — N transition. The sharp edge at Z =42 has energet-
ic reasons: for Z =43 the plasma electrons do not have
enough kinetic energy in the rest frame of the iodine ion
to cause an L —M transition. The steep slope of apg
from the third to the fourth principal quantum number
can be traced back to autoionization A4, of valence elec-
trons: for Z =24 again M electrons will be excited pref-
erentially, but now the valence electrons of the N shell
autoionize. The arrows in Fig. 5 mark the equilibrium
charge states Z., at the intersections between ionization
and recombination rates. The value Z ., ~41, when apg
is ignored (cf. Fig. 1) reduces to Z.,~29, when apg is
taken into account. This equilibrium charge is still much
higher than the value Z.,~22 obtained for cold hydro-
gen gas of the same density in Fig. 2.

The resonant character of apy is also reflected in the
equilibrium charge state Z.,. The squared charge Z gq as
a function of the projectile velocity v, for an iodine beam
in 10-eV hydrogen plasma with density 10%° cm ™3 is de-
picted as a dashed line in Fig. 6. It shows strong shell

-4
PSR @ T el e T Bl oz el
N 10'55L\ 1.5 MeV/ul—>H plasma
~ <
§ 10781 e
@ 10-10L
: »
& 10712|-Radiative Rec.
3 .
] n ’
S 1074
E/
10’16 I 1 I 1 L
0 10 20 30 40 50 60

Charge State

FIG. 5. Rate coefficients for electron loss (dashed curve) and
capture (dash-dotted and solid) of 1.5 eV/u iodine ions when
penetrating a fully ionized hydrogen plasma of k3 T=10 eV and
n,=10% cm™ 3 as a function of projectile charge state Z. The
valence shells corresponding to the various charge states are
given at the top of the figure. The arrows mark the equilibrium
charge states Z, with and without dielectronic recombination.
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FIG. 6. Evolution of charge states Z2; (solid lines) of iodine
ions slowing down in fully ionized hydrogen plasma with
kg T=10 eV and n,=10% cm~? plotted as a function of projec-
tile velocity v, in atomic units. Initial energies of the ions are
given as parameters on the curves. For comparison the square
of the equilibrium charge Zﬁq is shown as a dashed curve. At
the right-hand side, regions of the iodine atomic shells (K, L,
etc.) are indicated.

effects, and the plateaus correspond to closed shells. This
is evident from the principal shells that are marked at the
right axis of the ordinates in Fig. 6. For example imagine
an ion with 2 MeV/u and Z., =34 adiabatically slowing
down. It runs through a continuously decreasing series
of charge states when the M shell is slowly filled by
dielectronic recombination. When the ion still has 1
MeV/u the first electron is captured into the N shell.
Further electrons will not be captured because this pro-
duces a hole in the M shell with high probability of
Auger emission of the N shell valence electron. This ex-
plains the plateau between 1 MeV/u and 0.2 MeV/u.
Only at energies even smaller the N shell starts to be filled
up. For densities above 10?! ¢cm ™3 the shell structure
disappears because the density effects (see Sec. IV)
quench apg, so that the dielectronically lowered equilib-
rium charge around 0.5 MeV/u and 5 MeV/u increases
and qu becomes a monotonous, uniformly increasing
function of v,,.

IV. DENSITY EFFECTS

The rate coefficients for recombination processes are
density independent, as long as conditions for two-body
collisions apply. In particular, dielectronic recombina-
tion gets considerably reduced at higher densities. This is
because the captured electron often ends up in a highly
excited level, where it has a long lifetime and is exposed
to possible secondary collisions with target particles,
which may ionize it before it falls down to the ground
state. Such an ionizing secondary collision is the more
probable the denser the target material and the higher ex-
cited the electron initially is. This density effect cuts
back the effective capture rate and is called “quenching”.
Lamb?® proposed this effect for cold gaseous targets and
Lassen®® provided first experimental evidence that the
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effective charge increases slightly when the density of the
gas is raised.

A. Reduced rate coefficients subject to various density effects

This work takes the following density effects into ac-
count. (i) collisional ionization of simply excited states
(collisional quenching); (ii) two-step processes with excita-
tion and subsequent ionization; (iii) dynamical screening
of the projectile; (iv) the overlap of wave functions of pro-
jectile and target ions.

We do not consider processes of second order, in which
at least two electrons get excited simultaneously (Auger
processes) or multistep excitations of one electron occur.
These events are less likely than (i)—(iv) if the density is
not too high. The processes (i) and (ii) vanish at small
projectile velocities (v,—0) and low temperatures
(v, —0). The processes (iii) and (iv) on the other hand
remain finite even when the ion is at rest; they are count-
ed under the term “continuum lowering.”

Let P, be the probability that a simply excited state
(nl) originating from the capture of a free electron or
from collisional excitation of a bound electron decays ra-
diatively to the ground state before the subsequent col-
lision will ionize the electron. Further let n, be the prin-
cipal quantum number of the ground state and n,, the
quantum number of the highest bound shell in the pres-
ence of continuum lowering. Then the reduced, density-
dependent recombination rates read

" max nf 1
Qrec= X > P,, 1,0 (ngly), (43)
ne=n, +1 lf—-O
=2 2 2 Py galnlingdy) (46)
ng, I; ne=n, +1 lf—O
M max n -1 " max n—1
- S S op g 33 Pualijnl) . @)
ol ny=n,+115,=0 7 In=n,+11=0

llnj

Mmax  j—1

exce__z 2 E IUPZ"’ULZ}‘
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The rate coefficients oy for charge transfer and agg for
radiative electron capture in Sec. II ask for /,-averaged
input, hence we take /,=const=1 in Eqs. (45) and (46).
This simplifying assumption is particularly justified in the
case of fast collisions for which the capture into [,=1
subshells dominates.

B. Collisional ionization of simply excited states

The probability P,; reads

Apg(nl —n,l£1)
Py= N
Apg(nl —n 1)+ A (nl,Ey —EEy)

A4 is the rate for radiative decay given by the
Einstein coefficient Eq. (27) for [ =< . If I> ng, the
electron can reach the ground level only through a
cascade, thus Arad(nlang,ng—l)Z ol nl=1,1—1)
11— ng —1 1 . .

+3, 18 A a(U—i,l—i—1—-I—i—1,1—i—2). The
collision rate A4, is given as the sum of ionization rates
by Coulomb collisions with background ions in Eq. (7)
and free electrons in Eq. (10), evaluated for the state (nl).
We give the asymptotic result for large n and v, (n; is the
ion number density, n is the principal quantum number
of the projectile shell)

1
P, (Z,v ,n)= , (49)

e W Zin/(lem™d)
1+5X10 lgh—é——~l n
Z,/ac

which may be used for rough estimates of P,;.

C. Two-step processes with excitation and subsequent ionization

The rate for collisional excitation of an electron from
the ground state with direct ionization in a second step is
given by

172
MeO ee,e UEIE1— JELIN1—Py)

i j—n +17=0
ot i1 ) , 1172 )
+2 2 2 [vp+vth] neaekc,e(lEklil—"jEk’l) . (50)
i j=n . +t11=0

Here, o0, is the free-free excitation cross section ac-
cording to Eq. (34). The first term on the right-hand side
of Eq. (50) describes the excitation into a bound level,
whereas the second term allows for direct ionization into
a level that due to continuum lowering is no longer
bound.

In addition to collisional excitation by electrons there
is excitation by the plasma ions with rate c.,. ;. They are
the same as for electron collisions, except for the substitu-
tions®” 0. o —>Z 0 ey and (v7+v5)">—>v,. The sum

Qexe,e T Qexe,; i shown in Fig. 1 as a dotted curve.

D. Continuum lowering by dynamical screening
of the projectile

In a plasma of high density the Debye length A,
describing the correlation between two charges becomes
so small that it is comparable to the mean orbital radius
of a bound projectile electron r,=(n*/Z,)a, (Z, is the
effective charge of the projectile core in a distance 7,,). In
this case the free electrons screen the ion so effectively
that the electron in the nth shell is no longer bound. For
bound electrons below the continuum limit the following
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condition has to be satisfied:3®

22 kBT 1 1/4
87 1Ry nyal |

<Ap—n< 51)

Since the dressing of the ion takes time, Eq. (51) is valid
only for projectile ions moving very slowly through the
plasma or being at rest. At high velocities the screening
of the ions is no longer Debye-Hiickel-like but much
weaker. Qualitatively this corresponds to a larger Debye
length. We take this dynamical effect into account using
Eq. (10) of Sec. I in paper I: kj W(y,vp/\/kGT/m ) is
equivalent to an effective Debye wave number at velocity
v,. For moderate velocities it is

| W] :Il—(,uzvpz/kB T/m)
+iVi(m/2) (v, /V kT /m )|
~1—H4—mWwiu’/kyT/m .

Averaging this expression with respect to the direction
cosine p we obtain (|W|)~1 — L(4—n(v;/kyT/m).
This yields instead of Eq. (51)

Nz ke x| e ]
~ | 87 1 Ry n,a} 12 kgT /m
(52)

E. Continuum lowering by overlap of the wave functions
of projectile and target ions

Dynamical screening as presented in the preceding
subsection is valid for densities n,A} >>1. For even
higher densities the ions have approximately spherical
volumes of radius R, =[3/(4mn;)]'/* at their disposal. A
rough criterion for bound states is therefore®

3Z3 1/6

3

¥, 57‘30=’n =<
4mn;a

(53)

In the calculations, we take as the upper limit on n Eq.
(52) or Eq. (53) whichever is larger.

V. NONEQUILIBRIUM CHARGE STATES
AND STOPPING POWERS IN DENSE PLASMA

In the following the stopping of heavy ions in dense
plasma is calculated, based on the results of paper I on
the plasma physics of the stopping process, but now with
full account of the charge-state evolution of the heavy-ion
projectile using the ionization and recombination rates
discussed in the present paper. It is shown that strongly
enhanced nonequilibrium charge states are typical for
heavy-ion stopping in plasma.

In solid-state or gaseous cold matter beam ions acquire
their effective equilibrium charge Z, after a short equili-
bration phase. The typical time for recombination
TrRec=1/(an,) (a is the recombination rate coefficient) is
much shorter than the time 7, = —1/(dv, /dx) for stop-
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ping the ion. The time dependence of the effective charge
is therefore exclusively determined by the local velocity
of the beam ions: Z g(v(2),2)=Z.,(v(?)). However, in a
plasma it is possible that Trgc R 7o because of the drasti-
cally reduced recombination rate, the higher equilibrium
charge Z., and the larger Coulomb logarithm. The
recombination of free electrons then no longer keeps pace
with the stopping process, hence Z g(v(2),£)>>Z (v(¢)).
This yields a further shortening of the ion range.

The occurrence of nonequilibrium charge states com-
plicates the stopping process since the values of Z .4 and
dE /dx along the stopping path depend on the full stop-
ping history and not just on the local velocity. It is there-
fore difficult to map out the solution over a larger param-
eter region. We rather give some illustrative examples
closely related to recent experiments and experiments
planned in the near future. Also some results relevant for
inertial confinement fusion driven by heavy ion beams
will be shown.

A. Stopping power of partially ionized plasma

The electron stopping power

4retZ?
_dE _TT ety (54)

2
X
d mv,

is chosen in standard form proportional to Z2; and linear
in the target ion density N,. In a target plasma with
atomic number Z, and effective charge g, the stopping
number per ion

L=gq,L,+(Z,—q,)L, (55)
is composed of the free-electron contribution
L;=G(,/V kyT/m n(Apk )
+H,/VkyT/m)n(v,/V kg T/m)  (56)
with the functions

G(x)=erf(x /V2)—V2/7x exp(—x2/2)

_ (57)
H(x)=—x3exp(—x2/2)/(3V2xInx)+x*/(x*+12)

the Debye length A, =(kp T /4me*n,)'’? and the momen-
tum cutoff

K max =min{m (v} +v{)/|Z gle*2mv, /#) (58)

as derived in paper I, and the contribution from bound
electrons

2
2mvp

L,=In (59)

I

according to Bethe’s theory.® In the present calculations
the average ionization potentials for the partially ionized
target ions I are taken from Mehlhorn.* For small ion
velocities v,, Bethe’s stopping power (dE /dx ). be-
comes invalid and is replaced by the expression of
Linhard, Scharff, and Schigtt*® (LSS model)
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FIG. 7. Effective charge Z 4 of an iodine projectile with ini-
tial energy 1.5 MeV/u slowing down in hydrogen with a density
nyg =10% cm™3 plotted vs range f nydl. The curves refer to 10

eV plasma with and without account of DR and to cold gas.

dE

LSS

with E=M, vp2/2. The parameter C; g3 depends on atom-
ic numbers and atomic masses of both projectile and tar-
get ions. The total stopping power is calculated using a
smooth interpolation between the Bethe and LSS expres-
sions for bound electron stopping

EE _ (dE /dx )Bethe
dx  [14(dE /dx)ene/(dE /dx )iss]'?

dE
dx

b
free

(61)

with L, =In(1+2mu} /T) instead of Eq. (59). In addition
we included the shell corrections in the stopping power
according to Mehlhorn* with a simple fit using the empir-
ical values given by Ziegler.*! However, for the final re-
sults neither the LSS model nor the shell correction play
an important role. Equations (54)-(61) define the stop-
ping power used in the following to calculate the energy
loss of heavy ions in hydrogen, lithium, and gold plasma.

T T T

1.5MeV/u I—>H

3F _without DR 10ev
with DR

4
Jnpdt (102%ni2)

FIG. 8. Stopping powers vs range for the same cases as in
Fig. 7.
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FIG. 9. Stopping powers vs range for 1.5-MeV/u iodine ions
on H plasma with n,=10%° cm™> and different temperatures
given as labels.

B. Stopping of iodine ions in hydrogen plasma

As a first example to illustrate the effects of range shor-
tening in plasma, nonequilibrium charge states, and
dielectronic recombination, results are shown in Figs.
6—10 on the stopping of iodine ions in fully ionized hy-
drogen plasma of 10-eV temperature and a density of
n,=10% cm™>. This density is chosen in between densi-
ties presently achieved with Z-pinch devices and used for
experiments on heavy-ion interaction with plasma on the
one hand, and densities of beam generated plasmas avail-
able in the near future on the other hand.!?

The nonequilibrium evolution of charge states is seen
in Fig. 6. The square of the charge state, required in the
stopping power Eq. (54), is plotted versus projectile veloc-

Jnpdl (108cm?)
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Y
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FIG. 10. Energy loss AE of Pb projectiles with initial charge
state Z;, =30 and initial energy 1.4 MeV/u after passing a 20
cm long column of hydrogen plotted as function of density ny
or the corresponding areal density f nydl (upper horizontal
axis). Curves for cold H gas and for H plasma of 2.5, 5, and 10
eV temperature are given as well as for 5 eV without account of
DR and are compared with the experimental data of Ref. 11.
Complete stopping is marked by a circle at the end of the
curves. Note the change of scales on the right-hand side.
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ity v,. The equilibrium value qu depicted as a dashed
line is a function of v, only; it was discussed in Sec. III D.
The solid lines give the charge-state evolution of the cor-
responding nonequilibrium calculation in which Z g is
calculated from the time-dependent rate equations simul-
taneous with the energy loss. The projectiles are assumed
to be injected into the plasma as neutral iodine atoms and
their charge state then evolves in the direction indicated
by the arrows. It is seen that the ions run through re-
markably different charge-state sequences depending on
their initial energy given as label in Fig. 6. After fast ini-
tial ionization the charge states typically stay on a pla-
teau high above equilibrium values. The higher the pla-
teau value is, the faster the stopping and the shorter the
time left for recombination. Whereas Z  of the 1.5-
MeV/u projectile evolves still close to the equilibrium
curve, the 40-MeV/u projectile loses its energy so fast
that recombination is lagging behind and the ion comes
to rest with Z 4~45. It recollects the missing electrons
only after complete stopping. Such highly charged ions
at rest in very dense and relatively cold plasma are rather
unique objects and should be of considerable interest for
spectroscopic studies.

The charge-state distribution along the stopping range
[ nydl is plotted in Fig. 7 for 1.5 MeV/u I ions incident
on a hydrogen target again with a density of ny =10%
cm 3. Profiles for 10-eV plasma are compared with the
case of a cold target gas; the stopping range in plasma is
shorter by a factor 3. The shortening is a consequence of
three temperature-dependent effects reinforcing each oth-
er: (1) increase of the Coulomb logarithm Ajjsma > Agss
(2) increase of the equilibrium charge Zg plasma > Z g, gas
(3) further increase by nonequilibrium effects
Zg(v(t),t)>Z.(v(2)). Also shown in Fig. 7 is the
effect of DR which reduces the charge state (compare
Fig. 5) and therefore increases the range. The corre-
sponding distribution of the stopping power dE /dR
versus the range is shown in Fig. 8. Whereas a pro-
nounced peak (Bragg peak) is seen at the end of the range
in the plasma curves with a maximum of dE /dR =2
GeV/(mg/cm?), the deposition profile is completely flat
for the cold gas with an average dE/dR =0.3
GeV/(mg/cm?). This is a consequence of both, the
different charge-state behavior and the different Coulomb
logarithms for a gas or a fully ionized plasma. The
change of the deposition profile with plasma temperature
is shown in Fig. 10; for high temperatures when the
thermal electron velocity exceeds the projectile velocity,
the plasma functions G(x) and H(x) in Eq. (56) decrease
and range lengthening occurs.

C. Energy loss and charge state
of Pb ions passing a hydrogen plasma

In this section experimental results on the energy loss
AE of Pb*®" ions, having an initial energy of E;, =1.4
MeV /u (which corresponds to 291.2 MeV total energy)
and passing through a hydrogen plasma, are compared
with calculated results as shown in Fig. 10. The plasma
column of 20-cm length was generated in a Z pinch, and
measurements were made at different plasma densities
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during the compression phase of the pinch. The largest
energy loss measured was about 110 MeV at a density of
2.5X 10" cm™3. The data points in Fig. 10 are in good
agreement with the theoretical curves corresponding to
the full model description developed in this paper and a
plasma temperature of 5-10 eV. The plasma data are
about a factor of 3 larger than the values for the cold gas.
This confirms the prediction of enhanced stopping in
plasma. Also the curve for 2.5 eV is clearly below the
empirical points, whereas the 5-eV curve obtained
without accounting for dielectronic recombination would
also be consistent with the data. The measurements
should be carried to higher densities to obtain a clear
discrimination for dielectronic recombination effects.
According to the calculations the Pb ions would be
stopped completely at a plasma density of 5.6X10!8
cm? corresponding to a stopping range of 1.1X10%°
cm ™2 This range is roughly a factor of 6 smaller than
the range in cold gas.

In these experiments the incident Pb ions have a
charge state Z;, =30+4. The charge state after passing
the 20-cm long plasma column will be measured in future
experiments. The corresponding calculated values are
shown in Fig. 11 for the same cases as in Fig. 10. The
charge state is rising to values above 30 for the plasma
cases except at high densities when the ion has almost
come to rest. Without DR values up to 40 are obtained,
five units more than with DR. On the other hand, the
charge state is falling by five or six units in the case of a
cold H gas with densities up to X 10'® cm ™3,

In Figs. 12 and 13 an extension of Figs. 10 and 11 is
given to Pb’** ions with a higher initial energy E;,, =6
MeV/u. At this ion energy, plasma densities up to
4%x10" cm ™3 can be explored with the 20-cm Z pinch.
Results for 5-eV plasma and for cold gas are compared.
The relative difference of AE in plasma and gas (though
not the absolute one) is considerably reduced for these
higher energies. The same is true for Z ;. What may be
more interesting to measure in future experiments is the
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FIG. 11. Effective charge Z.; after passing a 20-cm long
column of hydrogen for the same cases as in Fig. 10.
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FIG. 12. Energy loss AE of Pb projectiles as in Fig. 10, but
for an initial energy of E;, =6 MeV/u and an initial charge state
Z,,=30 (solid) or a charge-state distribution Z;,=63+2.4
(dashed) corresponding to the equilibrium distribution of 6
MeV/u Pb behind a stripper foil. Curves for cold H gas and for
5-eV H plasma are compared.

sensitivity of AE and Z ; on the charge state Z;, of the
incident ion. Results for Z; =63+, corresponding to the
charge state of 6-MeV/u Pb ions after a solid stripper
foil, are shown in Figs. 12 and 13 in addition to those for
Z, =30+.

D. Cases relevant to heavy-ion beam ICF

The effects discussed above are also important for
heavy-ion-induced ICF, although in this case the beam-
target interaction is characterized by higher projectile en-
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FIG. 13. Effective charge Z.4 as in Fig. 11 for the same cases
as in Fig. 12.
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ergies and higher plasma temperatures and densities (see
e.g., Ref. 42). For illustration we take typical parameters
from the HIBALL reactor study:** E,=~50 MeV/x,
kpT=~300 eV, n,~10?'-10% cm . It is assumed that a
powerful beam of Bi ions directly drives a spherical
fusion pellet. The ions are stripped to Z.4=80 in a high-
Z tamper layer at the outer surface of the pellet. They
then plunge with 30 MeV/u into a lithium absorber layer
where they are finally stopped. The charge-state evolu-
tion as a function of projectile velocity is shown in Fig.
14 for this final stopping phase, assuming that the lithium
has been heated to 300 eV and has a uniform ion density
of 10?! cm 3 (compare Ref. 44). Results for a density of
10" cm ™’ and the equilibrium curve ZZ, are also shown
for comparison. It is seen that, even for this high plasma
density, the projectile charge states develop at a level
considerably above the equilibrium values though lower
than for the 10'7 cm 2 case due to the density effects dis-
cussed in Sec. IV and the smaller Debye length in Eq.
(56).

Actual deposition profiles of the 30-MeV/u Bi ions in
the lithium layer are shown in Fig. 15. Their range of
R =70 mg/cm? in cold solid lithium reduces to R =44
mg/cm? or 63% of the cold range, for the lithium plasma
with T=300 eV and p=0.1 g/cm®. About 50% of the
reduction are due to a larger Coulomb logarithm, and the
other 50% stem from enhanced projectile charge states.
In plasma a Bragg peak forms at the end of the range
with a maximum stopping about three times larger than
in the cold target. Another range shortening of a factor 2
and the buildup of a huge Bragg peak would occur for a
much lower density of 1 ug/cm? which is of relevance
for basic experiments but not in the context of ICF.

The last example given in Fig. 16 is the case of the 30
MeV/u I ions incident on a gold target of -5 solid densi-
ty. Such high-Z targets play a role for converting ion-
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FIG. 14. The square of the effective charge of Bi ions on their
path through Li plasma with temperature 300 eV and densities
n1;=10" cm 3 and 10?! cm 3. The ions start out as Bi®**" with
E;,=30 MeV/u (v,=34.7ac) and slow down along the solid
lines from right to left. At the end (v, =0) they are in charge
state Z.;=67 or Z.+=31 depending on the plasma density. The
dashed curve shows the equilibrium charge, which corresponds
to ny; = 10'7 cm™3; it depends only slightly on density.
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FIG. 15. Stopping power of Bi ions in Li plasmas vs range
for three different combinations of densities and temperatures.

beam energy into soft thermal x rays*’ and are important
for x ray driven ICF (see e.g., Ref. 12). Again consider-
able range shortening is obtained from R =180 mg/cm?
for the cold target to R =125 mg/cm? for the plasma tar-
get at a working temperature of 300 eV, and the peak
stopping power at the end of the range rises by a factor of

80 ; : -
dE/dR 30MeV/u I lons —s Au(2g/cm3)
MeV
mg/cm?
60+ =

T=300eV

1 1
0 50 100 150 200
R (mg/cm?)

FIG. 16. The stopping power of 30 MeV/u iodine ions in

gold plasma of % solid-state density and 300 eV temperature in

comparison with the stopping power in cold gold of the same
density.
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2 to dE /dR =70 MeV/(mg/cm?). According to the Saha
equation the gold ions in the plasma case were assumed
to be in charge state 36+ and the mean ionization poten-
tial 7 was obtained from the cold value using the scaling
proposed by Mehlhorn.*

VI. CONCLUSIONS

The stopping power of heavy ions in dense plasma has
been investigated with the attention focused on the pro-
jectile effective charge. As a general result, enhanced en-
ergy loss and corresponding range shortening of ions
slowing down in ionized target matter is confirmed. The
major factors for enhancement of dE /dR < Z%zInA are
the following.

(1) Projectile energy is more efficiently transferred to
free plasma electrons than to the bound electrons in cold
material; this leads to an increase of the Coulomb loga-
rithm InA.

(2) The charge states Z 4 of heavy ions are higher in
ionized stopping material due to reduced electron recom-
bination. This is because the large rates for the exchange
of bound electrons with the projectile become ineffective
with increasing target ionization.

Both mechanisms have been described before in a num-
ber of papers. The key finding of the present paper is the
identification of high nonequilibrium charge states along
the stopping path. The time scales for the charge-
changing processes and for energy loss become compara-
ble in plasma. This is a qualitatively new situation and in
contrast to heavy-ion stopping in condensed matter,
where charge equilibration occurs faster and the projec-
tile charge states are given locally by the equilibrium
values Z_,(v,) depending on the instantaneous velocity of

eq"p
the projectile v,. For typical plasma parameters, it now

turns out that pZeﬁ >>Z.,, in particular, near the end of
the ion range. This further shortens the range and leads
to rather pronounced Bragg peaks with peak stopping
powers enhanced by factors 2 and more due to nonequili-
brium effects. It should be noticed that these effects are
strongest for relatively low target densities (1, < 10*!
cm %) and for projectile energies of 1-10 MeV/u, where
most of the ionization takes place. Some important con-
clusions can be drawn.

A. Theory

The details of heavy-ion stopping in plasma are by far
more complex than in condensed matter because the
effective charge of the projectile is no more a unique
function of its local velocity (as given, e.g., by the Betz
formula for gas targets), but depends in a nonlocal way
on the prehistory of the charge-state evolution and
strongly on the initial charge state of the incident heavy
ion. Rate calculations following this evolution are com-
plicated by the fact that dielectronic recombination, a
two-step process sensitively depending on atomic struc-
ture, becomes dominant in highly ionized targets.
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B. Experiments

Recent experiments on heavy-ion energy loss in fully
ionized hydrogen plasma have been shown to be in good
agreement with the theoretical treatment presented in
this paper and impressively display the effect of range
shortening in plasma. These experiments should be ex-
tended; measurements of the charge state after passing
the plasma as a function of the incident would give
specific information on the nonequilibrium charge-state
evolution.

Of course, the most sensitive test of the physics dis-
cussed in this paper would be to detect the projectile radi-
ation, spatially resolved along the stopping path, in par-
ticular, close to the end of the range in cases where the
heavy ion is stopped completely.*® The x-ray spectra of
recombining electrons cascading down in the highly ion-
ized projectiles should give abundant information not
only about charge-state sequences, but also about the
inner dynamics of very dense plasma which is hardly in-
vestigated so far. The decelerating heavy ion as a plasma
probe may open a fascinating new field of dense plasma
spectroscopy. The high-current heavy-ion beams, expect-
ed to be available, e.g., at the Gesellschaft fir
Schwerionenforschung (GSI) in the near future, may be
the tool to make this kind of spectroscopy possible.
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C. ICF applications

Concerning heavy-ion driven inertial fusion, the results
of this paper seem to be of minor importance. What
matters most for fusion pellets is the ion range. As long
as the range becomes shorter by heating the target, it is
the cold range which determines the extension of the
beam deposition layer. Also, taking the heavy-ion energy
of 50 MeV/u chosen in the HIBALL reactor study as a
reference value, the nonequilibrium charge states dis-
cussed in this paper play a role only at the end of the
range and the additional range shortening will be
10-20% at most. However, the increase of energy depo-
sition in the Bragg peak region may be of importance for
converting beam energy into soft X rays* and therefore
for heavy-ion fusion using indirect drive.
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