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Electron-loss-to-continuum cusp in U+ 4+ N, collisions
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The electron loss to the continuum has been studied for the collision system U+ + N, > US4 [N T + e
at the low-relativistic projectile energy of 90 MeV/u. Using a magnetic electron spectrometer, the energy
distribution of cusp electrons emitted at an angle of 0° with respect to the projectile beam was measured in
coincidence with the up-charged projectile. At the experimental collision energy ionization of the berylliumlike
U+ projectile proceeds predominantly from the L shell, but a contribution from the K shell could also be
identified experimentally. The measurement is shown to be in accordance with fully relativistic Dirac calculations
applying first-order perturbation theory. Furthermore, the underlying continuum electron distribution in the

projectile frame is illustrated.
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I. INTRODUCTION

Our knowledge about the dynamical processes which result
in ionization, excitation, and electron transfers in ion-atom
collisions has immensely increased since heavy-ion storage
rings [1,2] have enabled a more detailed and a considerably
refined approach to an experimental differentiation of the
various mechanisms producing electron and photon spectra
of high yet distinguishing complexity [3—11]. In heavy-ion
storage rings collisions of projectiles in charge states ranging
up to fully ionized uranium with atomic and molecular
gas targets can be studied at relativistic collision energies
with unprecedented clean conditions. Typically, the collision
systems studied comprise electrons over a wide range of
characteristic velocities: for targets with low atomic number
Z; the projectile velocity v, is significantly higher than the
orbital velocities of the electrons in the target atom, v, > Z,
(in atomic units). At the same time the collision velocity
may be similar to the orbital velocity of the K-shell electron
of the projectile, v, ~ Z,. When excitation or ionization
of the projectile is studied, and the final state of the target
atom is not considered, a light target atom can be seen as
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a weak perturbation for the swiftly passing projectile. As
such, experimental studies of these collision systems provide
stringent tests for advanced theories describing projectile
excitation and ionization of highly charged heavy ions. These
theories typically include fully relativistic bound-state and
continuum one-electron Dirac wave functions, and first-order
perturbation theory for the interaction between the projectile
ion and the target atom [12-17].

Various measurements of Coulomb excitation of heavy
projectiles in collisions with light target atoms were performed
using x-ray spectroscopy, where the final state could be
identified through the emitted photon [6,18-20]. In this
context, the measurement of the electron-loss-to-continuum
cusp corresponds to a projectile ionization, where the final
state of the electron is identified by its continuum energy.
Corresponding measurements in the low-relativistic regime
providing benchmark data for theory were unavailable until
Nnow.

From well-established electron spectroscopy experiments
performed in single-pass configuration with swift nonbare
projectiles, it is known that the highest intensity of the
emitted electrons can be observed at an angle of ¥, ~ 0°
with respect to the projectile beam [21-23]. Depending on
the collision system, electrons with a velocity v, similar to
the projectile velocity v, (i.e., cusp electrons) may originate
from three competing processes with a clearly distinct cusp
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shape: In the electron capture to continuum (ECC) one or
more electrons from the target atom are captured into the
projectile continuum [21-35]. In the radiative electron capture
to continuum (RECC) [7,8,36,37] an electron from the target
atom is captured into the projectile continuum while emitting
a photon. Finally, in the electron loss to continuum (ELC) an
electron from the projectile is ionized into the projectile con-
tinuum during the collision with a target atom [38—45]. Conse-
quently, electrons originating from ELC can be unambiguously
identified only by application of a coincidence condition
between the observed electron and the up-charged projectile.
Although ELC has been observed for several decades, few
experimental data from application of this rigorous coin-
cidence technique are available. They include coincidence
measurements with light projectiles [46-50], neutral pro-
jectiles [51], and multielectron projectiles [21,34,35,52-54].
In particular, measurements of ELC using fast multielectron
projectiles revealed complex structures, since some spectra
had superimposed Auger electrons arising from double ex-
citation or inner-shell ionization of the projectile. A striking
discrepancy was found between measurements of ELC with
projectiles at ultrarelativistic energies [55] and current theo-
retical descriptions [56,57].

Due to the Lorentz transformation electrons ionized from
the projectile in these collisions are predominantly emitted into
the forward direction with a velocity similar to the projectile
velocity [58]. The observation of electrons at a scattering
angle of ¥, &~ 0° is advantageous, since the achievable energy
resolution is not limited by Doppler broadening within the
finite observation angle. For the theoretical calculation of the
corresponding electron spectrum, the energy- and angular-
differential distribution of the emitted electron is calculated
in the projectile frame and transformed into the laboratory
frame. Thus, the measured electron spectra provide insight
into the ionization mechanisms beyond the studies of absolute
ionization cross sections, which have been performed both
experimentally [59—64] and theoretically [12,14,15] for these
collision systems. Regarding the ionization of few-electron
uranium projectiles in collisions with atomic targets there have
been several theoretical calculations of double-differential
cross sections [17,65,66], but up to now no experimental data
were available to be compared with.

When a heavy projectile is ionized in a collision with a light
target atom, this typically leads to a simultaneous ionization
of the target atom. Fully differential measurements of these
processes have been performed with reaction microscopes [67]
at projectile kinematic energies from a few MeV/u [9-11,68]
up to 1 GeV/u [69]. Since the target atom experiences a
strong perturbation by the projectile ion in these collisions,
the corresponding distribution of electrons ionized from the
target can be described only by models beyond first-order
perturbation theory [70-72]. Due to experimental restrictions
the ionization of the target atom is not considered here.

Within this paper we present the measurement of the ELC
for a few-electron heavy-ion projectile in the low-relativistic
collision energy regime. For projectile ions of berylliumlike
U+ colliding with a nitrogen gas target at an energy of
90 MeV/u, the energy (or rather the momentum) distribution
of electrons emitted at an angle of ¢, = 0° with respect to
the projectile beam was measured in coincidence with the
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up-charged U+ ions. The studied electron energy range was
E, =38-100 keV. The individual contribution of K-ELC
originating from the projectile 1s-shell ionization could be
observed and distinguished from the dominating L-ELC
originating from the 2s-shell ionization. The measured spectra
are compared to theoretical fully relativistic calculations using
first-order perturbation theory.

The paper is organized as follows: Sec. II describes the
experimental setup, Sec. III explains the data analysis, Sec. [V
gives a short summary of the theory applied to the studied
collision process, and Sec. V shows the experimental results
in comparison with theory.

II. EXPERIMENT

The experiment was conducted at the heavy-ion accelerator
facility GSI Helmholtzzentrum fiir Schwerionenforschung.
The accelerator chain provided U3+ ions from the heavy-ion
synchrotron SIS, which were stripped by a carbon foil with
a thickness of 29 mg/cm? at about 90 MeV/u and charge
analyzed. The choice of the collision energy was determined
by the RECC experiment conducted simultaneously [8]. After
injection of typically 10® ions of U into the experimental
storage ring ESR, electron cooling was applied. The resulting
longitudinal momentum spread of the projectile-ion beam
was Ap,/p, ~ 10~* at a well-defined ion beam energy of
90.38 MeV/u. After precooling, the ion beam was overlapped
with a transverse supersonic gas-jet target of molecular nitro-
gen N, with a particle area density of about 10'> cm=2 [73].
This corresponded to an average luminosity on the order of
L ~ 100 b= s~!'. Due to the excellent vacuum in the ESR of a
few times 10~!! mbar, the beam lifetime of the circulating ion
beam was mainly limited by charge-changing collisions within
the gas-jet target. Because of the comparably large ionization
and capture cross sections for Ut at the present ion energy,
an injection was repeated every 60 s.

The interaction zone was defined by the overlap between
the horizontal U+ projectile beam and the vertical nitrogen
gas-jet target. As such, the length of the interaction zone
was given by the target diameter of about 5 mm, and its
transverse diameter was given by the size of the projectile
beam of about 2 mm. Electrons ejected from the interaction
zone into the forward direction parallel to the projectile beam
were measured by a magnetic electron spectrometer (Fig. 1).
The spectrometer consisted of two 60°-dipole magnets, each
with a bending radius of 229 mm, and an iron-free quadrupole
triplet between the dipole magnets. The first 60°-dipole magnet
located 790 mm downstream from the interaction zone served
both to magnetically separate the electrons from the ion
beam and to filter a defined electron momentum range. Its
magnetic field was measured by a Hall probe, whose values
determined the electron momentum on a relative scale with
a precision of better than 1073, The slight influence of the
first spectrometer dipole magnet on the ion beam circulating
in the storage ring was compensated by correction coils in
the subsequent dipole magnet of the ring. The sequence
of first spectrometer dipole, quadrupole triplet, and second
dipole provided an achromatic optics. This optimized the
momentum acceptance as well as the angular acceptance of
the electrons, which were guided by the spectrometer from
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FIG. 1. (Color online) Layout of the experimental setup at the
storage ring ESR with the electron cooler, the gas-jet target,
the electron spectrometer and the particle detectors for projectile
ionization and capture (from [8]).

the interaction point to a position-sensitive electron detector.
To compensate the effect of the earth’s magnetic field on the
electron trajectory, two pairs of Helmholtz coils were mounted
along the spectrometer. A combination of two microchannel
plates (MCPs) in chevron configuration and a hexagonal
delay-line anode was used as an electron detector. The
hexagonal delay-line anode consisting of three independent
wire pairs provided redundant reconstruction information of
the electron impact position and assured a decreased dead time,
compared to conventional rectangular delay-line anodes [74].
The information of the electron impact position ensured that
the electrons guided through the spectrometer were always
hitting the detector on a well-defined area. The traveling
distance for the electrons from the interaction point to the
electron detector was 4.2 m, the diameter of the aperture
was everywhere along its path greater than 90 mm, and the
diameter of the active area of the detector was 75 mm. On
this active area, the electrons hit the detector within a spot of
30 mm diameter. The geometry and optics of the spectrometer
permitted detection of electrons emitted from the gas-jet target
within the whole azimuthal emission angle of ¢, = 0°-360°
for a polar angle ¥, = 0°—9,,x = 0°-2.4° with respect to the
beam axis, and a momentum spread of Ap,/p, = 0.02. These
instrumental parameters were confirmed by electron optical
calculations. The long distance between the interaction point
and the electron detector additionally served well to suppress
background from electrons scattered along the storage ring.
However, time-of-flight effects were not considered since
differences in the time of flight across the measured electron
energy range could not be resolved experimentally.

As mentioned in the Introduction, electrons seen in the
spectrometer for the collision system U®+(15%25%) + N, at
90 MeV/u originate from three competing processes with
different underlying physical mechanisms. Besides the ELC
discussed in this publication,

UBY N, > U + [No* + e, (1)
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the radiative electron capture to continuum [8]
USBT 4Ny — USSF - [NIT e +y )
and the electron capture to continuum [33]
USST + Ny — US4 [N T+ e™ (3)

were measured and analyzed. Therefore, the double-
differential cross sections for ELC were determined by count-
ing electrons in coincidence with the up-charged U¥* pro-
jectiles, which were magnetically separated by the first dipole
magnet of the ESR downstream from the gas-jet target and
detected by a multiwire proportional counter (MWPC) [75].
A second MWPC of the same type was used to detect the
down-charged U¥"* ions for the purpose of normalization.

While ELC for this collision system dominantly implies
L-shell ionization of the projectile, the contribution of K -shell
ionization to the total ELC could be determined by studying
the channel

U+ (152252) + Np — US*(15252) + [No]* + ¢~
— U (1s2) + [No]* +e +y. (@)

In this channel, K -shell ionization of the projectile leads to an
excited state, which decays promptly via x-ray emission. In
the first step, we cannot experimentally exclude simultaneous
ionization and excitation to a 1s2s2p state. In the second
step, the decay of the 1s2s” state may either occur directly
via M1 transition into the 1s22s state, via two-electron one-
photon decay into a 1s*2p state [76], or via Auger decay.!
The corresponding x-ray energies and branching ratios given
in Ref. [77] were used in the analysis. In order to detect these
x rays emitted from the interaction zone, a standard high-
purity germanium detector was mounted at the gas-jet target at
¢, = 90° with respect to the projectile beam in the horizontal
plane (cf. Fig. 1).

III. DATA ANALYSIS

In storage rings, the projectile velocity v, of an electron-
cooled ion beam is given by the velocity of the electrons
in the electron cooler, as soon as an equilibrium of the
cooling force and the projectile energy loss in the gas-jet
target is reached [78]. Thus, for a given cooler voltage, the
kinetic energy of the electrons in the cooler (corrected for
space-charge effects) is the same as that for cusp electrons,
when they travel at a velocity equal to the projectile velocity
v, = v, after interaction with the gas-jet target. This cusp
electron energy is therefore termed Ey = 49.58 keV. From
this value, the specific projectile kinetic energy of 90.38
MeV/u was deduced, as well as the projectile velocity in
units of the speed of light § = 0.4112, or in atomic units
v, = 137.036x 8 = 56.33 a.u., and the corresponding Lorentz

'In principle, this Auger electron of E/ = 63 keV [77] is also
observable in the spectrometer at E, = 236 keV. However, its
signature is identical to that of L-ELC, i.e., the up-charged projectile
U in coincidence with the electron, and its cross section in the
laboratory frame is orders of magnitude lower.
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factor y =1+ Eo/(mecz) = 1.097. These values are used
throughout this paper.

The energy axis of the measured electron distribution
was determined as follows: The magnetic field of the first
momentum-analyzing dipole of the spectrometer was mea-
sured on a relative scale using a Hall probe with a precision on
the level of 1073, After transforming the relative momentum
scale to a relative kinetic energy scale the electron spectrum
was calibrated in the maximum of the ELC distribution to the
cusp energy Ey, assuming that the distribution is quasisymmet-
ric around Ej, as will be discussed in Sec. V. The accuracy
of this calibration was estimated to be §E./E, = 0.01.
Since the same value for Ej is used in both experiment and
theory, the comparison of the two spectral shapes does not
dependent on the precision to which Ej is determined from
the projectile-ion velocity.

For ELC from U38*(1s%2s2)—the sum of L-ELC and
K -ELC—double-differential cross sections d’c/d E.dS. at
v, = 0° as a function of the electron kinetic energy E, were
determined from the number of electrons coincident with an
up-charged projectile N, .jo5s as a function of the magnetic
fields applied to the spectrometer. In the maximum of the
cusp, the singles rate of the MCP was N, ~ 250 Hz and
the true coincidence rate NeAlOSS ~ 75 Hz, while the MWPC
rate of ionized projectiles was N5 ~ 250 kHz. Due to the
excellent time resolution of the MCP for the electrons and the
MWPC for up-charged projectiles, the coincidence spectrum
showing the time difference between a MCP signal and a
MWPC signal had a sharp peak with a width of 10 ns
and with a ratio of true-to-random coincidences of better
than 25:1.

From N, 055 the cross sections were calculated through

Ne/\loss 1 Ee +mgC2 1

dEAQ |y_y  Lm €AQ E2 +2Em,c Ap./p.
&)

with the electron detection efficiency €., the observation solid
angle AQ, ~ 92, and the relative momentum acceptance
Ap./p. of the spectrometer. The MWPC detecting the up-
charged projectiles had an efficiency close to 100% [75].
The energy factor with the electron rest energy m.c’ in-
cludes both the transformation of momentum-differential to
energy-differential cross sections dp,./d E, and the dispersion
correction 1/ p.(Ap./ pe), i.€., the increasing absolute momen-
tum acceptance with increasing momentum. The integrated
luminosity Liy in units of b~! was determined by integration
of the product of ion beam current [j,, () and target area density
Niarget(t) over the measurement time ¢,

L Zf Iion(t)ntarget(t)dt (6)
Zye

with Z,e = 88e being the projectile charge.
Double-differential cross sections for the contribution of
K-ELC were determined from the number of electrons coin-
cident with the up-charged projectile and the corresponding
x 1ay Nenlossay - Additionally, background was suppressed by
taking only those events into account where the energy of the
emitted photon E, = E;, /y was in the correct range, with

d2O_ELC

the projectile frame energy from the deexcitation of the 152s>
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state being E; ~ 95 keV [77]. These four conditions provided
a clean identification of K-ELC events. The spectrum was
calculated by

d2o,K—ELC
dE.dS, 9.=0°
Nentossny 1 4 )/2 E, +m.c? 1

_ v G,
Linn €AQ €,AQ, a, E24+2E,m.c* Ap./p. )

Here, €, is the photon detection efficiency and AQ, ~
1073 x4m the observation solid angle of the x-ray detector
mounted at %, = 90°. The photon originating from the
decay of the U¥*(1s2s?) state is emitted isotropically in
the projectile frame [77]. The solid-angle transformation of
the photon distribution into the laboratory frame introduces
a factor d, /dS2, = y*(1 — fcos ¥,)* = y?. Furthermore,
the theoretical branching ratio of radiative decay a,, = 73.8%
versus Auger decay was taken from [77].

A relative systematic error of the experimental data of 15%
was estimated from uncertainties in the reproducibility and
the energy dependence of the spectrometer efficiency while
scanning its magnetic fields. In order to avoid uncertainties
in the determination of L;, through Eq. (6), an independent
normalization to the recombined U¥* ions detected in the
corresponding MWPC was used. The statistical error for the
ELC measurement was around 0.2% and thus negligible, but
the statistical error for the K-ELC was about 20%—40% due
to its smaller cross section and the small x-ray detection
angle AQ, .

Absolute cross sections were not derived from the data due
to the unknown detection efficiencies for the electrons €, and
the photons €,, and uncertainties in the branching ratio a,,.
The relative cross sections resulting from Egs. (5) and (7)
were therefore normalized to theory by multiplication with a
constant factor, which was determined as the weighted average
of the ratio of experimental data and theory. The corresponding
residuals are shown at the bottom of Figs. 4 and 5.

IV. THEORY

In the present investigation we explore the projectile-
electron loss in very asymmetric collisions, in which the charge
of the projectile nucleus (and the net charge of the projectile
Z,) greatly exceeds that of the target nucleus. In spite of
the seemingly very high impact energy, the collision velocity
v, = 56.33 a.u. is very large only on the velocity scale of
the bound target electrons (vtb ~ Z,), whereas it is close to
the classical orbiting velocities of the 2s electrons of the ion
and by about a factor of 2 lower than those of the K-shell
electrons. For comparison, the projectile velocity corresponds
to an electron kinetic energy of Ey = 49.58 keV (cf. Sec. 1I),
the binding energy of a 2s electron in U3+ (15225%) amounts to
E 1};(2s) = 32.37keV [79], and the ionization of the 1s electron

into a U¥* (152s?) configuration requires E5(1s) = 128.3keV
[77,79].
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In the target frame the minimum momentum transfer in the
collision is given by
E/ —E  E) - E

qmin = + (8)
Up )/Up

Mﬂﬁ@&+@!

Vp Y VUp

€))

Here, E!, E JE ;,, and E g are, respectively, the initial and the
final energy of the target and the projectile electron. They are
equivalent to the electron binding energies E” and Ef,, and
the projectile-frame kinetic energy of the observed electron
E.. The final energy of the target electron E,f , which is for
nitrogen typically a few eV, is not observed in this experiment.
It follows from Eq. (8), that the collisions resulting in the
loss of a very tightly bound (K -shell) electron from the ion
are characterized by momentum transfers g ~ Z,z, /2yv, > 1,
which are very large on the scale of the target atom. Under
such conditions one may regard the target atom as incoherent
superposition of the atomic nucleus and the atomic electrons,
which behave in the collision as (quasi)free particles with
respect to each other, and it is the field of the projectile nucleus
which determines not only the motion of the electrons of the
projectile but also the motion of the atomic target [80]. The
required large momentum transfer can be provided only at
small impact parameters b ~ 1/qg, which are well inside the
classical K -shell orbit of the target atom, such that the atomic
nucleus can be treated as an unscreened Coulomb potential.
The charge of the atomic nucleus Z; is much smaller than
that of the highly charged projectile Z,. Therefore, compared
to the field of the ion, the field of the atomic nucleus represents

105° 997 750
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180°
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merely a weak perturbation for the active electron of the
ion, and its action may be described within the first-order
perturbation theory in the interaction between this electron and
the atomic nucleus. Since the atomic nucleus has a very large
mass, the distortion of its motion by the field of the ion can be
ignored, and its initial and final states can be approximated by
plane waves.

Similarly, the field of the atomic electrons is also just a
weak perturbation for the electron of the ion, and its action
on the latter can be described in the first-order approximation
in the electron-electron interaction. However, in contrast to
the atomic nucleus the electrons of the atom cannot be
approximated by plane waves since the field of the projectile
substantially distorts their motion. This distortion may have
an important effect on the interaction of these electrons with
the active electron of the ion [81].

In our present calculations the interaction between the
electrons of the projectile and the nucleus of the target was
described within the first order of perturbation theory by
applying one-electron Dirac wave functions. For the L-shell
ionization of the projectile the screening by its K-shell
electrons was considered by applying a Coulomb potential
with an effective nuclear charge of Z.; = 90. The nucleus
of the projectile was regarded as infinitely heavy, and the
motion of the nucleus of the atom was approximated by plane
waves. Details of the calculation are given in [12,15,17]. Due
to the high momentum transfers considered here, the molecular
character of the N, target was ignored, and all cross sections
are given per target atom N.

The theoretical double-differential cross sections
d*c/dE!dSQ, were calculated in the (primed) projectile
frame. Exemplary angular distributions of the emitted

105° 907 750

120° 60 °

150°

210°

240° 300°

255° 5790 285°

(b) L-ELC

FIG. 2. (Color online) Electron loss to continuum (ELC) in collisions (a) U+ (15%2s%) + N — U%*(1525%) + N* + ¢~ (E,,9.) and (b)
U+ (15225%) + N - U (15%2s) + N* + e (E!,9!) at a collision energy of 90 MeV/u. The theoretical double-differential cross sections
d*o/dE!dS2, in b/(keV sr) are shown as a function of the polar emission angle of the electron, ¥/, in the projectile frame for various emission
energies of the electron: E, = 0.047 keV (solid green line), E, = 0.192 keV (short-dashed red line), E, = 1.094 keV (dotted blue line),
E! = 5.054 keV (dot-dashed magenta line), and E, = 11.542 keV (long-dashed cyan line). The intervals of the angular distributions marked
in bold fall into the angular acceptance of the electron spectrometer in the laboratory system.
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electron as a function of the polar scattering angle %, for the
collision system studied here are shown in Figs. 2(a) and 2(b)
for the K-ELC and L-ELC, respectively. In order to compare
these to the experimental data, they were transformed into
the (unprimed) laboratory frame and averaged over the polar
angular acceptance of the spectrometer, 0° < ¥, < Umax,
with ¥ = 2.4°. Since the electron angular distribution
is independent of the azimuthal emission angle ¢, and the
Lorentz transformation implies dg, =dg,., the electron
energy distribution measured in the laboratory was given by

d’c _ 1 /ﬂmx d*c
dEdQ |y _o 1 —cosOma Jo  dELS,

sin9.,d?v,.

(10)
Furthermore, the momentum acceptance of the spectrometer
Ap./p. = 0.02 was taken into account by convolving the
results of Eq. (10) with the corresponding energy acceptance
AE./E. =(y + 1)y XApe/pe % 2X Ape/ pe.
We note that the projectile frame is rotated by 180° with
respect to the laboratory frame, such that the projectile-frame
angle ¥, is related to the corresponding angle ¥, by means of

sin ¥, :|
(11)
ylcos ¥, — B/B.(E,)]

with the projectile velocity 8 and the velocity of the emitted
electron B,(E.). The dependencies ©,(E,,?.) and E.(E,,?.)
lead to the fact that a two-dimensional interpolation of grid
points of the double-differential cross section in the projectile
frame is needed in order to evaluate the double-differential
cross section in the laboratory frame through Eq. (10).

In Fig. 2 the emission angles ¥, with 0° < 9, < 9, ,, <

max ~
90° for E, < Ep and 180° > 9, > 9/, > 90° for E, > Ey
that fall into the angular acceptance of the spectrometer
Umax = 2.4° are marked in bold. For comparison Fig. 3 shows
the single-differential cross sections in the projectile frame
do /dE/ as a function of the energy of the emitted electron E,

integrated over all electron emission angles. The spectra reveal

O.(E,.,¥,) = m — arctan [

150 ammmmmmm " R C 1
N 1
= :
[0 4
=4 L AN ]
\,
E 100 N 1
==h r AN 1
= N 1
s | \ :
\
'g 50? « K-ELCx 50 AN 1
\
L-ELC N
S
L ~
0 L L L L L L L
0.1 05 1.0 5.0 10.0 50.0100.0

electron energy in projectile frame E,' [keV]

FIG. 3. (Color online) Single-differential cross section do/dE,
of K-ELC (dashed red line) and L-ELC (solid green line) in the
projectile frame as a function of the energy of the emitted electron
for the collision system U%* -+ N at a collision energy of 90 MeV/u.
For better comparison of the spectral shape the K-ELC cross section
is multiplied by 50.
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an approximately constant single-differential cross section in
the projectile frame do/dE, for small continuum electron
energies E, < 1 keV. The strong peak structure of the ELC
observed in the laboratory frame around E, =~ Ej is thus
generated only by the fact that a larger fraction of the angular
distribution will contribute to the energy distribution in the
laboratory for small energies E.,.

V. RESULTS AND DISCUSSION

Figure 4 shows the experimental results of the double-
differential cross section d’c/dE,d<2, for electrons emitted
under ¥, = 0°-2.4° as a function of the kinetic energy E,
of the emitted electron in comparison with theory. A good
agreement is achieved. The theoretical curves illustrate that
the ELC spectrum is dominated by projectile ionization of
the L shell, whereas the contribution of ionization of the K
shell is on the 2% level. This behavior is evident when we
compare the corresponding electron binding energies given
in Sec. IV: In an intuitive picture the collision energy is
above the effective L-shell ionization threshold, but below the
K-shell ionization threshold for electron impact ionization.
Nevertheless K-shell ionization is possible in the Coulomb
field of the N-target nucleus, as can be seen in Fig. 5. Clearly
the experimental data deduced via Eq. (7) are dominated
by statistical uncertainties due to the small cross section
and the small photon observation angle AQ, ~ 107> x4x.
Consequently the experimental results do not provide a
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FIG. 4. (Color online) Top: Double-differential cross section for
the electron loss to continuum observed at ¥, = 0° for collisions of
U+ (15%2s52) + N at 90 MeV/u. Displayed are the experimental data
(symbols), the theory for K-ELC (dotted red line), the theory for
L-ELC (dashed green line), and the sum of theoretical results for
K-ELC and L-ELC folded with the spectrometer resolution (solid
black line). The theoretical calculations imply that the cross section
is dominated by electrons from the L shell of the projectile, while
the projectile K -shell electrons contribute about 2% to the total cross
section (cf. Fig. 5). Bottom: Relative residuals of the experimental
results scaled to theory.
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FIG. 5. (Color online) Top: Contribution of projectile K-shell
electrons to the electron loss to the continuum shown in Fig. 4.
Displayed are the experimental data (symbols), the theory for K-ELC
(dotted red line), and the theory for K-ELC folded with spectrometer
resolution (solid black line). Bottom: Relative residuals of the
experimental results scaled to theory.

stringent test for theory, but still the parallel existence of both
channels is confirmed by the data.

The electron cusp of the L-ELC given in Fig. 4 does
not show a significant asymmetry. In contrast the electron
distribution in the projectile frame depicted in Fig. 2 shows
a clear forward-to-backward asymmetry. This, however, is
compensated in the Lorentz transformation by the variation of
the angular acceptance in the projectile frame 9/, (E.,max)
through Eq. (11). As seen in Fig. 2 by the intervals of the
angular distribution marked in bold, the angular acceptance
is larger for electrons emitted around ¥, = 180° compared to
electrons emitted around 9, = 0°, i.e.,

ﬁr/nax(Ee < EOsﬁmaX) < |180O - ﬂr/nax(Ee > EOaﬁmax)L
Keeping in mind that the projectile frame is rotated by 180°
with respect to the laboratory frame it becomes clear that the
electron distribution of the K-ELC shown in Fig. 2 leads to a
small asymmetry in the (theoretical) spectra of Fig. 5 with a
preference towards the high-energy side of the cusp.

The influence of the angular acceptance of the spectrometer
Umax On the cusp shape was studied by evaluation of the
theoretical double-differential cross section of Eq. (10) for
different values of ¥,,x around 2.4°. Since in this formula
the cross sections are normalized to the angular acceptance,
they are comparably large on the absolute scale. In the
wings of the distribution the cross section does not change
noticeably when varying 9.« , because the angular distribution
in the projectile frame is approximately constant within the
integration angle 9, . at these electron energies. For example,
the deviation of the cross section for ¥,,x = 2.0° instead of
2.4° is less than 5% for |E, — Egy| > 4 keV. In contrast, the
cusp shape at its maximum E, =~ E,, where 9, ~ 90°, is
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clearly influenced by the value of ¥.x. The cross section
around E, increases with decreasing ty.x, and vice versa.
In the limiting case ¥y, — 0, the prefactor of Eq. (10)
1/(1 — cos ¥may) & 2/92,, leads to a divergence of the cross
section at E, = Ey, as is well known from electron cusp
physics [27,39]. As a side note it should be mentioned that
the finite energy resolution of the spectrometer also lowers the
maximum of the cusp shape while having no effects on the
wings of the cusp, as shown in Figs. 4 and 5.

In the analysis the measured relative cross sections are
normalized to the theoretical calculations, which account for
only the atomic target nucleus and neglect the influence of the
atomic target electrons. The appropriateness of this approach
can be estimated by the following considerations. In the case
of the electron loss from the K shell of the projectile it is fully
justified to neglect the atomic electrons, since the collision
velocity is substantially higher than the effective threshold
velocity for the loss by the impact of a free electron. In case of
the loss from the L shell, where the collision velocity is larger
than the corresponding threshold velocity, one would normally
argue that one can still ignore the effect of the atomic electrons,
since the contributions to the loss from the interactions with
the nucleus and electrons of the atom scale as ~Z,2 and ~Z,,
respectively, and thus the electrons of nitrogen would yield
just about 14% of the loss cross section. However, according
to the results of [§1], one may expect that in the range of impact
velocities not very far from the effective threshold the electrons
are more effective in producing ionization than equal-velocity
protons. Therefore, the uncertainty in the calculated results for
the loss from the L shell, which is introduced by neglecting the
atomic electrons, could be noticeably larger than 1/Z, ~ 14%.
In addition, these two channels of electron loss could also lead
to different angular and energy distributions of the emitted
electrons that can make the effect of the atomic electrons
even more visible. But, as can be seen when comparing
Figs. 2(a) and 2(b) with Figs. 4 and 5, the details of the electron
distribution in the projectile frame are partially smeared out
by the transformation into the laboratory frame. Therefore, it
is expected that neglecting the effect of the atomic electrons
does not lead to a substantial change in the spectral shape, but
rather to a slight increase in the absolute scale of the cross
sections.

Experimental uncertainties might arise from a small frac-
tion of U8+ ions in the metastable 3P, state, possibly produced
in the carbon stripper foil just before injection into ESR.
According to [82] these ions might not fully decay into the
1Sy ground state during the beam preparation time of about 8 s,
before the measurement phase begins. However, their fraction
averaged over the measurement time of 48 s is negligible.
Moreover, the excitation energy of 258 eV [83] indicates that
the electron distribution for electrons ionized from the 3P, state
should not vary significantly from that of the 'Sy state.

VI. SUMMARY AND OUTLOOK

Relative cross sections for electron loss to the continuum
as a function of the electron energy have been measured
for highly charged U ions colliding with a nitrogen-gas
target. The low-relativistic collision energy of 90 MeV/u was
chosen such that the projectile velocity is comparable to the
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effective threshold velocity for ionization of the uranium
L shell by electron impact. The experimental results were
successfully described by theoretical calculations using Dirac
wave functions, where the interaction between the electron
of the projectile and the nucleus of the target is treated in
first-order perturbation theory. By comparing the theoretical
results in the projectile and the laboratory frames, it was
demonstrated that the quasisymmetric electron cusp of the
L-ELC in the laboratory frame results from a compensation of
the asymmetric electron distribution in the projectile frame by
the Lorentz transformation from the projectile to the laboratory
frame. The K-ELC could be observed by applying a triple
coincidence between the up-charged projectile, the electron,
and the emitted photon from the subsequent deexcitation, but
large statistical errors prevented a stringent test of theory for
this spectrum.

Obviously, a next desirable step is to measure the ELC
using a U°'* projectile to unambiguously identify the shape
of the K-ELC. With an increased experimental accuracy
the difference in the line shapes of K- and L-ELC can be
investigated. Deepening the understanding of the electron
loss to the continuum certainly includes the study of the
contribution to the projectile ionization by the electrons of the
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target atom in comparison to the ionization by the nucleus of
the target atom. Similar experiments performed for projectile
excitation in collisions of heavy ions with light atoms [6] can be
extended to the field of projectile ionization by very light target
atoms such as hydrogen at projectile energies near the effective
ionization threshold, where the nucleus and the electrons of
the target atom may have significantly varying contributions
to the electron cusp [80,81]. Also, the application of heavier
target atoms with an atomic number Z; ~ v, such as xenon
would provide tests for theoretical models beyond first-order
perturbation theory [14].
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