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Electron capture by highly charged projectiles under channeling conditions
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The impulse approximation for charge transfer in fast, asymmetric ion-atom collisions is modified according
to the presence of the axial potential and the geometric target structure when the projectile is axially channeled
in a Si single crystal. Calculations of the impact-parameter-dependent capture probability by 1.6-5.6 MeV/
amu G and 3% show that electron transfer only takes place at short distances to a string of target atoms,
combined with a strong reduction as compared to atomic charge transfer.
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[. INTRODUCTION field which replaces the atomic potential is treated in the
continuum approximation, valid for fast projectifEs:®
Recent experiments on channeling and dechannédilsg The paper is organized as follows. In Sec. Il the impulse

termed “cooling” and “heating” with respect to the trans- approximation is briefly described and in Sec. IlI the inter-
verse motioh of wide-angle randomly incident ions in single actio.n potent.ials and _their Fourigr transforms are derived.
crystald? have prompted an interpretation in terms of anSection IV gives details concerning the evaluation of the
interplay between electron capture and loss by the projectiléapture probability and in Sec. V, results are shown for the
when traversing the crystaf More precisely, the impact- impact-parameter-dependent electron capture intdtlaed
parameter dependence of the capture-to-loss ratio is assumedsubshells of 25.6, 55, and 89.9 MeV"Oand 110 and
to be responsible for the observed effect. 179.8 MeV S projectiles. The conclusion is drawn in Sec.
However, little is known about the impact-parameter de-VI. Atomic units (A=m=e=1) are used unless otherwise
pendence of electron capture in a single crystal under chardicated.
neling conditions. There exist calculations on radiative elec-
tron transfer vyhere the re_sulting photon distributions are Il IMPULSE APPROXIMATION
directly accessible to experimeht® and on electron capture
to continuum by channeled particles where the forward elec- In the semiclassical picture adopted here, the projectile
tron yield has been measuré@he models used are the im- moves along a classical straight-line trajectory characterized
pulse approximatiot? (for radiative transfer onlyor the first by an impact parametdy, and the collision velocity. The
Born approximatioff;” and the modifications introduced into dynamics of the active target electron is treated quantum
the theories formulated for ion-single-atom collisidingre-  mechanically, and the passive target electrons are accounted
after denoted by “atomic” theorigsconcern solid-state ef- for by means of effective potentials. For the sake of simplic-
fects in the target electron momentum distribution as well adty, we shall assume a completely stripped projectile. The
consideration of the projectile flux distribution in the crystal post form, to be considered below, of the strong potential
channel. Born approximation is valid for heavy projectiles and either
In the case of(nonradiativg electron capture to be dis- light targets or fast collisionéwhere “heavy” and “light”
cussed below the inclusion of channeling effects is morenean high and low nuclear charge, respectivelyis de-
complicated. An “atomic” theory, appropriate for electron rived from the exact amplituday; for the transition from a
transfer in fast, asymmetric ion-atom encounters is the strongound electronic target statgT to a bound projectile state
potential Born(SPB theory’ *° and its on-shell version, the 4 which is formally given by the time integrah,=
impulse approximation(]A).>* In contrast to the above- —i ”_ dt(y"|V;|y{") (see, e.g., Refs. 9 and 14" is an
mentioned modelévhere the transition operator is either the exact solution to the three-body scattering problem, defined
radiation field or the electron-prqje_ctlle interactid®PB a_nd by the Lippmann-Schwinger equatio;if”: lﬂiT+ vawiT,
IA are second-Born-type prescriptions where after being reang the potentialy/, andV; describe the interaction of the
leased from the target, the electron propagates in the stronggfeciron with the projectile and target, respectively. The ap-

of the two atomic potentials before it is captured by the proyroximation concerns the replacement of the full propagator

jectile. For the fast, heavy projectiles considered below thg; (in the field Vp+Vy) by the propagatoGp=(id— T

crystal field is subordinate to the projectile field and there-_vp+i6)—1 in the projectile field alonéwhere T, is the

fore enters as transition operat@nd not by means of an iatic energy of the electron and— +0),

eigenstate The adjustment of an “atomic” capture theory to

channeling conditions involves therefore a modification of .

the transition operator itself. adP® = _if dt(yF |V +ViGpVp|yl). (2.0
In this work a quantum-mechanical calculation of the —

impact-parameter dependence of electron capture by chan-

neled projectiles is provided. As an underlying “atomic” Introducing a complete set of plane waviep, going on-

theory, the impulse approximation is used and the crystashell and using the definition 6ELGPVP)|q>=|¢//§> of a pro-
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whereR=Dby+ vt is the coordinate of the projectilep the

electron coordinate in the projectile frame of reference, and
p Y- E; the initial-state energy. Forming the overlap of E&.3)
R with the plane-wave state))=(27) ~*?exp(qrp) and intro-
b“F ducing the Fourier representatidfir(s) of the target field
r g z V+(r), the transition amplitudé€2.2) takes the form
)y T
- alM(j)=—i " dt] d o dsV+(s)
(S fi ] Cw q(277)3/2 T
P is(rp+R)|,/.P 1
) . . - X<¢f(rP)|e P |lﬂq(rp)>‘ 3/2
FIG. 1. Schematic collision geometry for a projeci#eolliding (2m)
with a Si target parallel to th€l10) axisz e~ denotes an electron ol i02t/2— v T (er—Ent
released from atorp of the target. Atoms displayed by filled sym- X (e'drele” v V% VPl (rp+ R—ry))e (B,
bols lie in the planez=0 while empty symbols are projections (2.4

(along z) of atoms lying in the parallel plane=r; wherer;
=3.63 a.u. is half the channel diameter. The distance of atom Wheree; is the energy of the final bound state. With
from 2 andj is the nearest-neighbor spacit44 a.u). ) B .
(erele Pyl (rp+R-T)))
jectile scattering eigenstate with momentgnone arrives at , , .
the impulse approximation in its post form, =f doe (@I =R+1)yT o)

=(2m)¥ @R gl (q+y), (25

A _i[” IVl wi)aly ). 2.2
an IJloodtf dacys |Vl vl i) @32 where the momentum-space representatidrof the initial

state has been introduced, the time integral becomes trivial

From this equation the physics behind the impulse approxiand leads to the energy-conserving delta function. Substitut-
mation becomes clear: In its post form, the capture amplitud&d d by g’ =g+ s one arrives at the final form,
is calculated from the time-reversed process where a projec- )
tile electron is excited into a projectile continuum eigenstate A,y I ,
which has a strong overlap in momentum space with the afi(])__Ef dq’s
state describing a bound target electron in the projectile
frame of reference.

Before Eq.(2.2) is evaluated further, the geometry per-
taining to a single-crystal target must be specified. A Si crys-

U2
Ef_Ei+q,V+ 7

xeiq'bOJ dsV1(s)MP(s,q' —s)

tal has a diamond structure with lattice constadt xe 1@ -9IeT(g" —s+v), (2.9
=5.43 A=10.25 a.ut®> According to Fig. 1, thez axis is .

chosen parallel to thél10) axial channel which has a con- Mp(s,q)=(¢f(rp)|e'srp|ng(rp)).

figuration of six neighboring atord8.These six-atom layers

form a sequence along tlzeaxis, spaced by. The origin is IIl. INTERACTION POTENTIALS

located at the intersection of tj&10) axis with one particu-

lar plane that contains three atoms of the channel boundary Let us first calculate the target field induced by the single
(1, 2, andj in Fig. 1) while the other three atoms are not layer shown in Fig. 1. The potential seen by an electron
situated atz=0 but in a parallel plane spaced by half the released from the core stateof atomj has the following
channel diameter. We denote the positions of the atpms structure:
=1,...,6 byrj=(r;, ,z) in cylindrical coordinates.

To be specific, assume that atgmprovides the electron to ,
be captursd. When evaluating tgreptransition amplitude it is V(r)=‘§ VN(r = 1)+ Vei(r—rj)
convenient to choose the rest system of the heavy projectile pet
as a frame of reference. This means that the initial-state wave 6
function ¢ (r —r;), which originally is defined in the target fz Ve(r=rj)+Vya(r), (3.9
reference frame, has to be Galilean transformed to the pro- b=l

N i"#i
jectile frame of reference. Denoting this transformatiori.by , ) ) )
one ha%0 whereVy is the potential of a Si nucleu¥,. the potential of

the core electronsy,; the core potential with electroinre-
R _ ., _ _ moved, andV,, the potential of the electron gas originating
Uz//iT(r—rj)e*'Eitze*'” “Ze*"”Pz,/xiT(err R—rj)e*'Eit, from the Si valence electrons. We now have to account for
(2.3)  the fact that the target consists of a sequence of such layers.

6
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As viewed from the rest system of the projectile, these layer§ince the interatomic spacirjs much larger than the range
move past the projectile with the velocityv at a frequency of the atomic potential, the integration limitsd/2 can be
v/d. In the limit v/d—« the z dependence of the potential replaced by+ .

disappears and the effective field seen by the released elec-

tron is an average ovafr(r), A. Core potential

The potentialV; originating from the core electrons of a
fixed atomj can be expressed in terms of the electron density
En,|¢1,(r’ —r;)|> wheren’ runs over the core statéSiK, L
subshells described by the wave functiom{z{, . The poten-
tial seen by a point charge e at locationr is given by

1 (d2
VT(rL):aﬁd/ZV(r)dz. (3.2

This defines the axial potential in the continuum
approximationt> Sinced is fixed, the collision velocity must
be sufficiently high for this continuum approximation to be
valid. The validity criterion given by Lindhatdis related to
the critical angley,=(2ZpZ/Ed)Y? for axial channeling,
Zp andZt being the nuclear charges of projectile and target Vc(r—rj)=e22 f dr’
atoms, respectively. Let the Thomas-Fermi screening con- n’
stanta=0.885@2°+22% %2 be a measure of the atomic
interaction region. If the center-of-mass collision eneligg ~ From Eq.(3.3), the Fourier transform of the averaged core
so large thaty;<a/d, then a well-channeled particland  potential is obtained by means of the substitutidh =
hence also an electron attached jdriaverses the interaction r, — ri forr,,
region of many atoms of th€l10) string before it is suffi-
ciently deflected to leave the channel. This is a necessary )
condition for the averaging of(r) along the projectile path ~ e 1 °° , o
to be meaningful. For a Si target and the projectiles under Ve(Sifj)= E(ZT)s/zfxdhz, f dx idzf dridz
consideration, the energy required must exceéed?2 MeV, "
which is well satisfied for the present collision systems. e is (X 1)) gisz

In the formalism of Sec. Il, the Fourier transform of 5 1/2|<p:,(r’—rj)|2. (3.5
V4(r,) is needed, ]

— |y, (r' =12 (3.4
lr—r’'|

X3
[X"T+(N=2")

Next we replacex by N'=\N—2Zz" and thenr’ by r"=

~ 1 1 [dr2
V(s =—f dre*'sr—f V(r, ,\)dh. (3.3 ~
s 3/2 dJ-ar (rL) 33 r'—r; such thatV, factorizes into three parts,

(2m)

2
~ e . . T, . o . " l
Vc(s;rj)=—e"sﬂu< > jdr”e"sﬂﬂwn/(’ )|2)-(fdze"szz)'(J d)\’de”Le"sixi
nf

d(2’7T)3/2 e (eri+)\/2)l/2 !
(3.6

Note that the Fourier transform of the potential is i(nde)penYIm with r denoting the angular componentsrofone finds
dent of thez component ofr;. The z integral in Eq.(3.6 : ; : .

gives 275(s,) which impliess,—0 everywhere. The last in the case of Siincluding the spin degrees of freedgm
integral is also easily evaluated by introducing the new vari-

ablex=(x", ,\"), 1.
2 |l//T,(r")|2E _R(rrr)
n’ n 4’77

—is x| —is,\’ 1 47 Ax 1
’ Ay — —isx_ — _ YA ”y|2 m|2
J d\"dx 1 (X"i‘f’)\/z)llz dee X g2 Sf ' _E[lRls(r )l +|R2s(r )| +3|R2p(r )| ].
.7 (3.9

For the remaining integral use is made of the fact that foRypere R, Ry, and R, are the radial parts of thesis,
occupied core states, the electron density is spherically symyng 25 wave functions, respectively. Using spherical coordi-
metric. With the decompositioapl,(r)=Rn.(r)Y|m(r) where  nates (”,9”,¢") for r” the integral can be written in terms
the angular part is described in terms of spherical harmonicsf a Bessel transform,
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Capl . . dr2 .
2 f dr"e"is |lﬂ:,(l’”)|2 ( f drle—l(Sl-FGi)u) ( f dze—ISzZ)( f dlze—lGZ)\d)\>
n’ -

*® 2 1 farll 9" 1. 2 . GZd
=277f r” dr”f d(cosd”)e ST oSV —R(r") =(2m)?8(s, +G,)-2mw5(S,) - =Sin—— (3.15
0 -1 4 GZ 2
% _ _ such that one obtains
=J r"2dr”jo(srR(r")=Ry(s), (3.9
0

~ 2
Via(9) = ; (2)%2 5 =-cog G/2)
where jo(x)=sinx/x. Recalling thats,=0 (such thats 161=Co ‘
=s,), Eqg.(3.6) turns into G,d
XVgd(s +G,)(s,)sin——. (3.16

2
Vc(s;rj) \/_ 5(Sz Ro(s))e '=mir, (3.10  Collecting results, the total target potential entering into Eq.
(2.6) is given by
6 6
B. Nuclear potential Vi9= 2 Un(sriN+Vesr)+ 2 Ve(sr)+Via(9
The nuclear potentiaV,, is Coulombic, =1 'Jijl
=V1(s)8(s,), (3.17

Vn(r—=rj)=—Zse? (3.11

lr=ry|’ where the individual potentials are defined in E¢3.12),
_ (3.10, and (3.16, while Vci(srj) is taken from an Eq.-
The _ Fourie_r—transfor_med average potentM_L\,(_s;rj) is (3.10-type expression where iR(r"), defined by Eq(3.9)
readily obtalnec_j within the above formalism if in EG.4) and entering via Eq(3.9), the bound-state wavefunction of
and hence in Eqg. (3.9 the formal replacement glectroni is omitted.(In case of ap state we assume an

ool (1) 2> —2Z18(r") is made. Repeating the steps average over the magnetic quantum numbers such that the

leading to Eq«(3.10 results in density of the remaining core electrons is still spherically
symmetric)
Vn(srj)=— 2\/ 5(sz)e ISl (3,12 IV. CAPTURE PROBABILITY AND DETAILS OF

CALCULATION

_ The total capture probability of an electron initially occu-
C. Valence potential pying Si core statéinto a given subsheflof the projectile is

When the Si atoms combine to a crystal the valence eleccalculated from
trons are released and move freely in the potential of the 6
ionic cores. Hence, t_he_d_ensny distribution of the \(alence P (by) = 22 1a%(j)[2, (4.1)
electrons has the periodicity of the crystal. For the diamond
structure of Si, the valence potential may be approximated
by a sum over reciprocal lattice vectd®s'® which is sym-
metric in = where7=d+/3/4 is the spacing of the closest Si
atoms in the unit ceft

Where the sum runs over all six atoms of the target layer
(Fig. 1) with a (j) from Eq.(2.6). The prefactor 2 accounts
for the spin degeneracy of the initial subshell.

We now turn to details of the wave functions involved.
For a bare projectile the elgenstatfzfé anddx are Coulomb
Vval(r) = ; cogG7/2)Vge 'C' (3.13 functions and the matrix elemeM" in Eq. (2.6 is known

Gl=Gg analytically. For capture into aslstate one has

with Go=\/11- 277/d andV the form factor corresponding 3 dre (1|
to G. The contribution to the Fourier-transformed averaged 1s(8.0) = (27372 re (1=imq)
potential for a fixedG follows from

32
. . . . P
X e Fy(i g, Li(qr—qr))e's'—e #°’
J

\7 1 isrl a2
Vyal(sS G)= 3/2f dre” —f dx
dJ-
(27) di2 43

X cogGr2Vge 1Cre A, (3,14 = Zp e (1) [P —(q+iZp)?] a7

which factors into three integrals, X[Z3+(s+q)?) 7 2 [+ (1+ing)as], (4.2
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where ;F; is a confluent hypergeometric functiof, the 1 31
gamma function, andy,=Zp/q the Sommerfeld parameter. @Ivm(q): E\ﬁT/z 0(ke—Q), 4.5
Explicit expressions for thé-subshell capture matrix ele- ke

ments can be found in Ref. 18. h 0 i he Heavisid f : &
For the target, using spherical coordinates, the Fouriel'"€"® Is the Heaviside step function andg

— 2 3y71/3 ; H H
transform of a bound-state wave function can be expressed 37 (32/0)]7" is the Fermi momentum for a Si crystal.
by means of the Bessel transform In that case, the potential(s) is calculated from all core

electrons which means that the restrictjor: j and the term
V. in Eq. (3.1 are dropped.

¢ (q)= FrzdrRm(r)J dQe " Y, (F)

(2m)¥2J)o V. RESULTS

\F . ~ (s The importance of electron capture for a given collision
= V(=D Yim(a) Jo redrji(arRy(r), (43 system can be extracted from dynamical considerations and
momentum balance. In the projectile frame of reference, the
target electron has initially the ener@y+v?2/2 and finally
where use has been made of the partial'WaVe decompositiQHe energyes ; hence a |arge transition probabmty is ex-
of exp(-igrcosd). In Eg. (4.3, ¥ denotes the angle be- pected whenE;+v2/2~¢;. According to the energy-

tweenq andr, andj, is a spherical Bessel function. conserving delta function in Eq2.6) this implies that the
As concerns the target core states, Slater-screened hydrgiomentum transfer is subject tg=—(e—E+v22)lv~

genic wave functions are used for the innermost shell which_
allows for an analytic evaluation of the Bessel transforms

That the conditiorg,~ —uv provides large transition am-
entering into Eqs(3.10 and (4.3), mz~-vp g

plitudes follows also from the structure of E(R.6) by
means of peaking considerations. For Coulomb-type poten-

475”2 tials, V1(9) is largest fors— 0 [due to the denominata? in

f r2drjo(anRys(N=——5. Egs. (3.10 and (3.12], and—for spherically symmetric
0 (Z°+9%) states—the momentum-space wave funcgiﬁnis peaked at
zero momentum. This requires~@' —s+v~q’'+v and
" 1674 henceq,~ —v for the capture amplitude to have a maximum
[rarigsniRunl- @ value.
0 (s*+42%)? For the collision system selected by experiméng5

MeV 08" —Si (v=11.73 a.u.) the matching condition is

with Z=Z;—0.3 the effective target charge. For the Violated(e.g., for p—L transitions withe;=—8 andE;=
L-subshell states of the Si atom, Hartree-Fock wave func= 3-64 one gets|, = —5.5). This means that a considerable
tions are taken, generated numerically with the Herman anflomentum has to be supplied both by the initial-state wave
Skillman code® Their Bessel transforms are evaluated withfunction (@' —s+v#0) and by the interaction fields¢0).
the help of a fast Bessel transform routfien the actual This is readily possible for the inner-shell wavefunctions and
calculations of the capture amplitude, the Bessel transform@®r Coulombic potentials due to their slow decrease in mo-
are calculated in advance on a large grid of mesh points. Thisientum space. However, the valence poteig] only pro-
leaves a fourfold integration over the perpendicular compovides momenta of the order of a reciprocal lattice vector
nents ofsandq’ [note that the two integrals over the respec-(s, = —G,) and therefore can be neglected. On the other
tive zcomponents are trivial because of the delta functions irhand, the cutoff wave functiof.5) for the valence electrons
Egs.(3.17 and(2.6)]. All integrals are well behaved except poses the restrictiofq’ —s+v|<kg which implies q;+v
for a singularity of the capture matrix eleme@.2) when  =(—¢e+0v%/2)/lu<kg. Sinceke=0.96 a.u<v/2 and — ¢
nq— (i.e., for g=|q’—g=0). Sinces,=0 and q,=  =Z2/2n?>0, this condition cannot be satisfied for the colli-
—(€i—E;j+v?/2)lv, the singularity can only occur if the sion systems under consideration. Even the replacement of
collision system is chosen such thaf=0. This (square- the cutoff function by a more realistic Fermi distribution
root) singularity is integrable but for very smalt,|, the  with an exponential taiP only provides an insignificant con-
integrand is rapidly oscillating. tribution of the valence electrons to the total capture prob-
Up to now we have considered the case where the ele@bility.
tron originates from a target core state. For the sake of com- The dependence on impact parameter is governed by the
pleteness we include the formalism for the capture of valencphase factor eXp-iq’(r;, —bg)] in Eq. (2.6). Let us define
electrons although this process is of no significance as did=|r;; —bo| as the distance of closest approach between
cussed later. For fast collisions these electrons can be treatgtojectile and target atom (see Fig. 1, the conventional
as constituents of a free-electron g&+0) confined to a  definition of the impact parameter in ion-atom collisions, and
Fermi sphere in momentum space. The momentum-spadet us for the moment disregard capture from the other five
wave function of such an electron, normalized to unity, isatoms. Due to its oscillatory behavior, the factor exp
given by'® (—iq/b) leads to a significant reduction of any contribution
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104

10—6

108 e, 1078
0 0.2 0.4 0.6 0 0.2 0.4 0.6
b(a.u.) b (a.u.)

FIG. 2. Capture probability per target electron for 55 Me% 'O FIG. _3' Capture prOEab”“_y per target elgctron fror_n treskate
(v=11.73) traversing a Si single crystal along {140 direction. of atomj by 55 MeV G* projectiles traversing a Si single crystal

Shown are the impact-parameter-dependent capture probabilitié?i'lfmg the(110 dir(_ection. Shoyvn _is the impact-pa_rameter _depen-
from the 20,m=0 state of atonj (upper curveinto the projectile ence for c_apture into the prOJectl_IésheII(dashed ling and into
K shell (dotted lin@ and into the 2 (dashed ling the 2p,m=0 the 2s (full line), 2p.m=0 (dqtted ling, and P,m=1 @dot-dashed
(full line), and the »,m=1 (dot-dashed linesubshells. The two line) subshells. Also given is the capture probability from te

lower curves denote the capture probability from theri=1 state shell into the_ projectileX shell (t\{v_o-dash—one-dotteq lipas well
of atomj into the projectile ,m=0 (dot-dashed lineand 2, m as t_he “atomic” capture_ probability from thes2state into the pro-
=1 (full line) subshells. jectile K shell (dashed ling

contributes to electron capture at a given

to theq" integral which arises frorm; b>1 (even if the two This in mind we have tentatively switched off the poten-

vectors in '_[he expo_nlen_t are not assumed to be pa)[alleltia| of the other five atomg$’ #] to estimate their contribu-
Hence, the inversej, -, is a measure of the decay length of i, 15 the total interaction field. We have found that for
the capture probabilit?(b). Assumingg; to be of the same < 2 where the capture probability is high, the influence of
order of magnitude as the minimum momentum trangfél,  the potential of the other atoms can be neglectsd %)
and using that;~ —5.5 forL—L transitions, this prescrip- while there is a slight reduction d®(b) (<15% as com-
tion asserts a width of the impact-parameter distribution obared to the one-atom potenji&r the larger impact param-
the order of 0.2 a.u. eters considered.

Figure 2 showsP(b)=|a}}(j)|? for an electron initially Figure 3 gives the capture probabilities from an initial 2
occupying a P state of atonj according to Fig. 1. Capture state of atonj. Theb dependence is similar as found for the
probabilities into the and allL subshells of & are given. initial 2p states, the capture probabilities amounting to at
The transition probabilities from @m=0 to K, 2s and most 10 . The highest probability ah=0.6 is reached for
2p,m=0 have all decreased fdr=0.2 a.u. by a factor of the 2p,m=0—2p,m=0 transition (6x10 ' at b=0.6).

e ! or more with respect t®(b=0), which is consistent The dominant contribution &d=0 comes from theK —K
with the above picture. Exceptions are the transitions whichransition, showing a steep decrease withAs discussed
change them quantum numberrfi=0—m=1 andm=1 below, the impulse approximation may, however, be inaccu-
—m=0) which go to zero ab— 0 because orthogonality of rate for this transition. If summed over all core electrons of
the angular part of the wave functions inhibits capture if notarget atonj and over all final states considergaojectileK
angular momentum is supplied by the transition operator. and L shellg the total capture probability is found to be

All capture probabilities have in common thatat 0.6, Ps(b=0)=1.6x10 2 andPy(b=0.62)=4.7xX10"5.
they have dropped by nearly two orders of magnitude. This We have also compared the capture probabilities under
means that in the channel center, spacedrhy=3.63 a.u. channeling conditions with the “atomic” capture probabili-
from atomj, the capture probability is completely negligible. ties from the collision of an & projectile with an isolated
But even if capture from an atom were considered for whichSi atom at the same velocity. The latter case will occur for
the spacing to the nearest neighbor is minimih#4 a.u),,  projectile beams at random incidence and thin targets. The
the capture probability halfway between these two adjacentapture amplitude for the random case is calculated from Eq.
atoms would be much less than 10of its maximum value. (2.6) with r; set equal to zero and with the Fourier-
As a consequence, at most one of the six atoms of the laygransformed potential given by
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P(b) P(b)
. . . ; : — 1021 : . : T
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102 ~ .
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\\ \\ e
10—4 h N ]
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\\ random ]

N
107 | \ )
3 chanueling ™S
10781

1010 . ‘ .
0 0.2

b(a.u.)

_ FIG. 4. Capture probability per target electron fdf”Sprojec- FIG. 5. Capture probability for a@m=0 Si electron into the
tll_es traversmg_g Si single crystal along thel0 direction at two 2p,m=0 shell of an &* or a S5 projectile at collision velocities
different velocities. Shown are the |mpact-parameter-dependeq}:8’ 11.73, and 15 duringl10) axial channeling as a function of

capture probabilities foo =15 (180 MeV) from K—K (full, thick i nact parameter. The full lines are the results 8t (the dashed
line), K— 2s (short dashed line and Z—K (full, thin line), and lines correspond t0%".

for v=11.73 (110 MeV) from 2s—K (dot-dashed line Also
shown are the “atomic” capture probabilities far=15 from
K—K (long dashed line, upper cutvend from z—K (long  trast, for the lighter &" projectile, capture from thi shell
dashed line, lower curye only dominates at small impact parameté¥gy. 3). The rea-
son is that the momentury, + v which has to be supplied by
51 the initial-state wave function is much higher fot®S than
Vr ol s) =€ \ﬁ_z for O®*, favoring capture from th& shell with its wider
’ TS momentum distribution.
. In Fig. 5 the velocity dependence of thep,.n=0
—ZT+~R0(S)—j r2drjo(sn|R(r)[2 —2p,m=0 capture probability is depicted for’® and $¢*
0 projectiles. There is a monotonic decrease of the capture
(5.1) probgbility with velocity for both projectilesin contrast to
the situation of the 8K capture for $°", Fig. 4, where
v=11.73 andv=15 lead to similar capture probabilitles
For an explanation, one may again consider the deviation of
g,+v from zero. For the B,m=0—2p,m=0 transition

X

with Ry(s) from Eq. (3.9). The last term corrects for the
absence of the electronic stateinitially occupied by the
active electron, in the potential. From Fig. 3 it is obvious that "4 ot S b
for small b, capture under channeling conditions is reduce Ehgoll %sztrz,tgefg ope(es;:g?v;;/_:ﬁzl 31.62:4r;u6:rr11§e7r§8f;orrthe
by as much as two orders of magnitude as compared to capzs, '~ >’ ' ’

y g P %16* projectiles aray, +v=28.3 and 9.4 foo =11.73 and 15,

ture by randomly incident projectiles, whereas the decreas : " o
with impact parameter is much slower in the channeling€SPectivelywhereas for 8 and the 3K transition, one

case. This is related to the fact that the continuum potential §tS @ slightly smaller value for the higher velocig,+v
on the one hand much weaker than the atomic poteftial = 16-3 and 15.7 for =11.73 and 15, respectively
reduction being of the order af,/d~4x10 2 for Si with We close this section with some comments on the ap-

a0=0.88§{1’3) but it is, on the other hand, of infinite range proximations inherent in the above theory for electron cap-

in the axial direction because of the averagifg. (3.2)]. ture by channeled projectiles. The underlying “atomic”
Figure 4 shows capture probabilities for the heaviirs theory, the impulse approximation in its post form, is valid
projectiles at two different velocities;=11.73 andv=15  for Zp/n=Z;/n if v>Zp/n or for Zp/n>Z7/n if v
(corresponding to beam energies of 3.44 and 5.62 MeVEZ,/n wheren andn denote the main quantum numbers of
amu. At the higher velocity, results for the random situation the projectile final state and target initial state, respectively.
for K=K and Z—K captures are also included. For this The first inequality determines the asymmetry of the colli-
collision system capture under channeling conditions is acsion system while the second inequality defines “fast colli-
tually dominant ab>0.6. Capture from the targ&t shell is  sion” in terms of the classical electron orbiting velocity for
about one order-of-magnitude larger than capture from théhe heavier of the two collision partners.
2s subshell, which also holds for the lower velocity. In con-  For the present collision systems, capture from the target
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K shell is the most pathological cagé-shell capture by the get core states plays any role. Results have been provided for
0" projectiles does not satisfy the IA validity criterion, capture into the projectil& shell andL subshells. For the
whereas it is marginally satisfied by the heaviét'Sprojec-  present collision system& —K transfer is the most impor-
tiles. In the channeling cas&;/n does not seem to be the tant process at small impact parameters with respect to a
appropriate measure of the interaction strength with the tastring of atoms. At the larger impact parameterp,83=0
get, taking into consideration the strongly reduced potentiat~2P.m=0 subshell capture gives the dominant contribu-
in the continuum approximation. This would suggest that thdion- We have found that, due to the weakness of the crystal
IA is applicable for capture from and to &- andL-shell  field treated in the continuum approximation, the capture
tat ven for & orovidedo=Z./n. Nevertheless. IA probabﬂmes are very small. For th? coII|S|on systems inves-
states even K P v=~£pl/il - Y tigated, they amount to at most10™* for a given subshell
results violating th_e above-mentioned validity  criterion yansition at small impact parameters. This number is about
should be treated with some care.

he d L tth field. the initi Itwo orders-of-magnitude smaller than that for an isolated
As concerns the description of the target field, the initialiy\_a16m collision. If summed over the core states of a target
statei of the active electron is not included in the core po-

; ; : L —atom and over the finak-shell andL-subshell states of the
tential. However in the channeling situation, the electron will

. L . . projectile, the total capture probabiliBs(b=0) is ~10 3.
interact with different atoms of the string which do not haveI clusion ofM-shell and higher final s%ates will not change

an inner-shell vacancy. In order to estimate the importance Qyjq resit because capture to higher states with a narrower

an inner-shell vacancy, we have made test calculations With g, menwm distribution is expected to be less important than
potential corresponding to fully occupied core states. Whe'&apture to the innermost shells

compared to previous results, the capture probability is low-g;, o large momenta can only be supplied in close colli-
erid'<10/° for small impact parameters, but as much as;ions the transition probability decreases rapidly towards the
35% for the largeb (<0.6 a.u.) in the case of capture from enter of the crystal channel. The width of the impact-
theK shell. For capture from the L shoell Whlcidommates atharameter distribution is, however, considerably larger than
large b, the reduction is smaller<10% forb=0.6 a.u.). he corresponding width in an isolated ion-atom collision,
This decrease d?(b) when core stateis added is due to the  pacayse the range of the continuum potential is infinite along
reduction of the attractive total core potentMj+V. @S the axial direction. Nevertheless, the capture probabilities
compared t0/n+Ve;. _ _ _ _ have decreased by many orders of magnitude in the channel
Another approximation which might be questioned is thecenter such that a folding with the beam profile of well-
calculation of the target core states from a neutral-gtom cod&nanneled projectiles will lead to negligible capture prob-
as well as the use of experimental binding energies for agpjjities. Even if taken into consideration that our results
isolated atom. Inside the solid, the valence electrons are l0g{ffer from many approximations related to the description
which consequently will lead to a modification of the core uf goid-state effects and therefore may readily be inaccurate
states. When the outer electrons are removed, i.e., the scregqy; 5 factor of 2, this excludes any interplay between electron
ing of the central field is weakened, the core-state bindingaptyre and loss which was postulated to describe the experi-
energies will get Iar_ger. In turn, this |rr_1pl.|es. some reductionpental data. Also, the smooth dependence of the capture
of the capture amplitude. However, this is likely to be com-p opapilities and of the width of the impact-parameter distri-
pensated by an enlarged spread of the core-state wave fungGgiions, both on collision velocity and projectile charge, does
tions in momentum space. The additional approximationg,ot provide any explanation of the sharp transftionv and
pertaining to a crystal target, the continuum approximation;  trom cooling to heating in single crystals.
for the target field, the neglect of the valence electrons, as’ Rather the present results should be considered as a
well as the disregard of multiple capture from different ponchmark showing that phenomena well known from ion-

strings are well justified in the present situation. atom collisions may basically change inside a solid. In par-
ticular, all processes requiring large momentum transfers will
VI. CONCLUSION be strongly suppressed in the case of well-channeled beams.
The impulse approximation in its post form, applicable ACKNOWLEDGMENTS
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