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Convoy Electrons Emitted from Resonant Coherently Excited Ions
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We demonstrate the use of selective excitation of fast ions by resonant coherent excitation as a new
technique to study convoy electron production. It is shown that electron loss from excited states plays an
important role in convoy electron production by fast-channeled ions. The absolute cross section for con-
voy production by hydrogenic ions in n =2 states is derived from the data, as is an estimate of the abso-
lute probability of resonant coherent excitation as a function of ion energy.

PACS numbers: 34.90.+q, 61.80.Mk, 79.20.Nc

An axially channeled ion feels the anharmonic period-
ic potential of the crystal as an oscillatory electric field
with a fundamental frequency v=v/d, where d is the
atomic spacing along the axis and v is the ion velocity.
When the frequency (or one of its higher harmonics)
coincides with the excitation energy of the ion, resonant
coherent excitation (RCE) can occur. ' This effect has
been observed through the change in the charge-state
distribution of emergent ions and, more recently, in the
enhancement of projectile photon emission. Thus RCE
can now be used as a tool to selectively excite fast ions in

solids. This technique, unlike laser pumping, has the ad-
vantage that any large excitation energy can be achieved
by tuning the ion velocity. In the present work we report
the first use of this technique to study convoy electron
(CE) production by channeled ions. The production of
CEs ejected in ion-solid collisions with electron velocity
v, very close to the ion velocity v has been intensively
studied. It is now widely accepted that either electron
loss to continuum (ELC) or electron capture to continu-
um (ECC) contribute to the production of CEs depend-
ing on the experimental conditions.

Under channeling conditions, the ELC process is dom-
inant because the electron capture probability, and thus
the ECC probability, is drastically reduced. In the
ELC process, the important role of the excited states has
been suggested. ' Here we directly demonstrate the
role of the excited states in CE production by changing
the population of the excited states with RCE.

A beam of C + ions from the EN tandem accelerator
at Oak Ridge National Laboratory was collimated by
apertures to 0.3 x0.3 mm and to a divergence angle less
than 0.4 mrad. A gold (100) single-crystal foil (—160
nm thick) was mounted on a two-axis goniometer and
placed at the entrance focus of an electrostatic spherical
sector spectrometer (bE/E =0.01). The electrons emit-
ted into a forward cone of half-angle 00=4.05 were en-
ergy analyzed and detected by a microchannel plate
(MCP).

Carbon ions emerging from the crystal passed through

an opening in the outer sector of the spectrometer and
were collimated by an aperture behind the spectrometer.
The acceptance half-angle of the aperture was 1.8 mrad,
which is about —, of the critical angle for (100) channel-
ing of 20-MeV C + ions. Thus, only well-channeled ions
passing through the aperture were resolved into their
charge states by an electrostatic analyzer and detected
by a multidynode detector. Coincidences between CEs
and emergent ions of charge state q, were registered by a
time-to-amplitude converter (TAC).

Figure 1 shows the energy dependence of the exit
charge-state distributions for (100)-aligned and random
incidences of C + ions. While the charge-state distribu-
tion for random incidence changes monotonically, the
distribution for (100) channeled ions shows the effect of
RCE, an enhancement of the C + fraction, around the
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FIG. l. Energy dependence of charge-state distribution of C
ions transmitted through a gold crystal. Fractions of C + (a),
C'+ (R), and C6+ ions (0) for (100)-aligned incidence of C'+
ions, and fractions of C + (a), Cs+ (CI), and C + ions (o) for
random incidence of C + ions are shown. Enhancement of the
C + fraction is seen near the energy of resonant coherent exci-
tation (20.4 MeV). Dashed lines estimate the fractions with-
out the eff'ect of RCE, and are drawn to guide the eye.
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calculated resonance energy ER (20.4 MeV, second har-
monic for n =1 to n =2). This enhancement is explained

by the difI'erentially high electron-loss probability of the
excited C + ion produced by RCE. The agreement be-
tween the present result and that of Moak et al. '' is very
good.

The velocity distributions of CEs observed in coin-
cidence with ions of exit charge states q, =5, 6 were mea-
sured for (100)-aligned incidence of C + ions. The
shape of the distributions was almost independent of ei-
ther the ion energy or the exit charge state. The velocity
distribution, whose FWHM was about 0.5 a.u. , was in-

tegrated between v+ 0.5 a.u. to obtain the yield of CEs
in coincidence with exit C ' ions, Y(q, ). The detection
efficiency of the MCP was estimated to be (60+' 20)%. '

If the mean free path for projectile charge changing
and the target thickness are much larger than the at-
tenuation length X for the CEs (true for the present
case), the equilibrium yield of CEs accompanied by ions
of exit charge state q, can be written as

Y(q, ) =) n, lN (q, )oE'cc+ Ng (q, —I ) crELc
'
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where n, is the atomic density of the solid, N(q, ) is the
total number of exit ions of charge q„Ns „(q,—1) is

the number of exit ions of charge q, —1 in ground and
excited states, respectively, o.~~~ is the ECC cross sec-
tion for ions of charge q„and o-ELc

' ' is the ELC cross
section for ions of charge q, —1 in the ground and excit-
ed states, respectively. Several normalization methods
were tried for the CE yield: (1) The normalization per
incident ion, Y(q, )/gq N(q, ), is a neutral normalization
which does not focus on one particular production pro-
cess. (2) If the ECC process is dominant, Y(q, )/N(q, )
is appropriate and this normalized yield is proportional
to the ECC cross section of the q, ions. (3) If the ELC
process is dominant, Y(q, )/N(q, —1) is appropriate and

proportional to the effective ELC cross section of the

q, —1 ions.
Figure 2 displays the energy dependence of the CE

yield measured in coincidence with exit C + ions nor-
malized in three different ways: (a) Y(6)/QN(q, ), (b)
Y(6)/N(6), and (c) Y(6)/N(5). While Y(6)/QN(q, )
decreases monotonically with increasing energy (to be
explained later), other normalized yields show struc-
tures. There is a dip at ER in Fig. 2(b). As RCE cannot
aAect the ECC cross section of C + ions, this dip is as-
cribed to the inappropriate normalization, and is an ar-
tifact of the fact that N(6) is increased at ER by ioniza-
tion of excited C + ions. This confirms the fact that the
contribution of the ECC process is small for fast-
channeled ions. The peak at FR in Fig. 2(c) shows an
enhancement of the electron-loss cross section of C +

ions due to RCE. For further discussion, it is necessary
to consider the excited-state population of C + ions.
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FIG. 2. Energy dependence of absolute CE yields measured
in coincidence with exit C + ions for (100)-aligned incidence of
C'+ normalized in three diferent ways (see text): (a) Y(6)/
[N(4)+N(5)+N(6)], (b) Y(6)/N(6), and (c) Y(6)/IV(5).
Only the relative errors are shown; the error in the MCP
eSciency is not included. Lines are drawn to guide the eye.

We can estimate the fractions of C + ions in (nl)
states, F„~+, using the observed charge-state distribu-
tions. When an ion travels through a crystal channel,
the ion interacts only with loosely bound target electrons.
If the ion velocity v is much faster than the Fermi veloci-
ty of the target crystal, the penetrating ion may be
viewed in its frame as being bombarded by a Aux of elec-
trons moving at velocity v. Since the electron-capture
probability is drastically reduced for channeled ions, the
evolution of F„~+ along the path of the ion through the
crystal is approximately described considering only elec-
tron loss and excitation by electron impact

dF I',
+

X
(2)

az 5+
2$, 2p f 5+ 5+ 5+ 5+

ne (tris -2s, 2pF1s O2s, 2pF2s, 2p )
dX

where a,~+ and o~,+„I are ionization and excitation cross
sections of C + ions by electron impact; we have used
values given in the literature. ' We neglected deexcita-
tion because the excited-state ionization cross sections
are much larger than the deexcitation cross sections. '

We also neglect the excited states n ~ 3, because the
electrons in these excited states have orbital radii compa-
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rable to or larger than the radius of the crystal channel. Even though this approximation is crude, the basic features of
the evolution of F„I+ are well described by Eq. (2). The solution to Eq. (2) with the initial condition F~,+ =1 is

5+
5+ T]s -2s, 2p 5+ 5+ 5+

5+ s+ 5+ 5+ p( nexcr2s, 2p) exp[ nex(cr)~ +o), p, +(r), ~ )]]+~] -2 +
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FIG. 3. (a) Probability of RCE per unit path length of C'+
ions in the Au (100) channel, estimated from the observed
charge-state distribution. The line is drawn to guide the eye.
(b) Calculated C + fraction (a), is state population (o), and
n =2 state population (Q) of C'+ ions as functions of energy.

The unknown parameter n, can be determined by
comparing the calculated C + fraction, F + =F]',+
+F2,++F2p+, with the experimental one. Because Eq.
(2) does not contain the efl'ect of RCE, the calculation
must be compared with the experimental result shown by
dashed lines in Fig. 1 (which estimate the charge-state
distribution without the eA'ect of the RCE). The elec-
tron density obtained at 20 MeV, n, =3.2x10 cm
agrees very well (within 20%) with the electron density
in the channel center calculated with a Moliere potential.
The effect of RCE can then be taken into account by
substituting crt,+2~+P/n, for o ~,+2~, where P is the prob-
ability of RCE per unit path length of the ion. This
probability, determined here for the first time, can be ob-
tained by comparing the calculated C + fraction with
the observed result. Figure 3(a) shows this RCE proba-
bility as a function of the discrete ion energies measured.
P has a peak at an energy slightly lower than the calcu-
lated resonance energy (20.4 MeV) and has a tail on the
low-energy side showing the Stark shift of the energy
levels of an ion moving in the crystal channel due to the

wake potential and the crystal field. '" The effective
RCE cross section, P(Eg)/n, =8.8X10 cm, is about
one-half of the excitation cross section by electron im-
Pact, a~s+2p =1.8X10 ' cm .

The RCE probability per unit path length can be also
estimated from Fermi's "golden rule, "

P(F.R) =2~F'~&2p~z
~
ls&~'p(Z~)/e. ,

using the Fourier coe%cient of the electric field in the
channel center, F=0.13 a.u. ,

'' and the state density
p(ER)=0.56 a.u. ' estimated from the shape of the
peak in Fig. 3(a). The result, P(ER) —2. 1 pm
agrees reasonably with the experimental result, 2.8
pm '. Using the n, and P values obtained, the excited-
state population of C + ions, F„I+, can be calculated
[Fig. 3(b)]. The n =2 population of C + ions decreases
monotonically with increasing energy, showing no ap-
parent effect of RCE. The smooth energy dependence of
the n =2 population of C + is mainly due to the large
ionization cross section of excited states as compared
with the effective RCE cross section (crqp+ =7.4X10
cm and P/n, =8.8X10 cm at 20 MeV). In effect,
the resonant excitation of 2p states is compensated by
the reduction in the population of C + (Is) ions near the
exit surface in such a way that the n =2 population de-
creases nearly monotonically.

The effect of RCE is primarily seen as a dip at ER in
the ground-state population of C + ions. Therefore, the
ratio of the population of the excited C + ions to that of
the ground-state C + ions increases at ER. This causes
the enhancement of the eff'ective ELC cross section seen
in Fig. 2(c). Since P~ ~(2p~z~is&~ ccZ and the ion-
ization cross section is proportional to Z, ' where Z is
the atomic number of the projectile, an observable
enhancement of n =2 population at resonance can be ex-
pected for heavier ions. In fact, a 2p population en-
hancement has been observed for higher-Z-channeled
projectiles (Z =9, 12) via resonantly enhanced Ly-a
emission, which must be strictly proportional to the 2p
population.

The fact that the energy dependence of the CE yield
per incident ion [Fig. 2(a)] reflects that of the n =2 pop-
ulation shown in Fig. 3(b) indicates that ELC from ex-
cited states dominates CE production under the present
circumstances. %'e can estimate the ELC cross section
by electron impact from the present results. Neglecting
the first two terms in Eq. (1) and changing n, to n„ the
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CE yield can be written as Y(6) =En, N„(5)crEI'c .Sub-
stituting X=1.4 nm, ' and the present results into this
equation we find the ELC cross section to be (3 ~ 1)
X10 ' cm at 20 MeV, or about 40% of the ionization
cross section (~q~+ =7.4X 10 ' cm ). ' This ratio of
the ELC cross section to the total ionization cross section
is quite large as compared with binary ion-atom col-
lisions. For example, the corresponding ratio is about
3% in the case of 20-MeV 0 + on Ar, where a much
smaller fraction of the projectile ionization electrons
were collected in a cone of half-angle Oo (Ho=1.8 and
AU =0.5 a.u. ). This suggests that electrons lost from
excited states are strongly forward peaked and therefore
have a large probability of becoming CEs as compared
with those lost from the ground state, in line with a pre-
vious theoretical study. ' In addition, the CE yield may
also be increased by incoherently excited states for
n ~ 3. As a check of the supposition implicit in the sim-

ple model underlying Eq. (2) that the probability of
direct excitation to the continuum via RCE is small, we
note that a third-harmonic resonance with n =1 to n =~
occurs at 16.1 MeV for C + ions in Au (100) channels.
However, Fig. 2 does not show any anomaly of CE yield
at that resonance energy, confirming that the probability
of RCE to the continuum is small.
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