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First Direct Observation of Coulomb Explosion during the For mation of Exotic Atoms
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A Doppler broadening of x-ray transitions from pionic nitrogen and muonic oxygen, which is attributed
to Coulomb explosion of the molecules, has been observed by using a crystal spectrometer. Large
linewidths indicate fast ionization of the molecules and a charge of (3—4)e for the accelerated fragments.

PACS numbers: 36.10.—k, 07.85.-m, 32.30.Rj

In molecules, the emission of binding electrons is ul-
timately accompanied by an energetic fragmentation of
the atoms, a phenomenon referred to as Coulomb explo-
sion. The fragmentation is usualy achieved by intense
laser fields [1,2], heavy-ion bombardment [3,4], stripping
in thin foils [5], or soft x rays [6].

Evidence for Coulomb explosion following the capture
of heavy negatively charged particles was obtained from
experiments with muonic atoms|[7]. From a comparison of
Lyman transitions of diatomic targets such as nitrogen with
monoatomic gases such as neon at various gas pressures, it
was found, that the Lyman yields in muonic nitrogen were
similar to those in neon, but at much lower pressures [8].
The difference was interpreted to originate from the higher
velocity of the muonic nitrogen system caused by Coulomb
explosion, which results in an enhanced electron refilling.
Therefilling rateisgivenby Wit = Nvoer, with N being
the density of the target material and v the velocity of the
exotic atom relative to the surrounding atoms [9]. The
Cross section o depends, in general, on the charge state
and the velocity. The gross approximations made in [8], as
independence of o ¢ on v and similarity of refilling and of
cascades in nitrogen and neon, did not allow a quantitative
extraction of the charge state and v at the instant of the
Coulomb explosion from the Lyman yields.

The formation and the first steps of the deexcitation of
an exotic atom proceed via Auger emission, excitation,
and self-ionization first of the molecular [10] and, subse-
quently, of the atomic electron shell, which quickly leads
to a high degree of ionization. In the case of muons and
for noble gases with atomic numbers Z < 18, almost com-
plete ionization has been demonstrated for pressures bel ow
0.2 bar [11,12] showing that electron refilling from sur-
rounding atoms or molecules can be excluded under such
conditions. Moreover, the kinetic energy of the exotic atom
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immediately after formation is assumed to be in the region
of severa eV [13].

The results presented here were obtained from a study
of linewidths of pionic and muonic x rays in the prepara-
tion of an experiment at the Paul-Scherrer-Institut (PSI)
aiming at an improved determination of the charged pion
mass [14—16]. The pion mass will be determined from
the wN(5g-4f) transition using the same transition in
nO as cdibration standard for a reflection-type crystal
spectrometer (setup in Johann geometry [17,18]). The
resolution function will be obtained from the
7 2°Ne(6h-5g) transition (Table 1).

The experimental setup was similar to the one described
in[15]. Using the 105 MeV /c pion beam in the wE5 area
at PSI, about 4 X 10% 77~ /s were injected into the new
cyclotron trap [20] at a proton current of 1 mA from the
accelerator. A gasilled cylindrical container of 230 mm
length, a diameter of 60 mm, and of 50 wm thick Kapton
walls was used as target. About 10° 77~ /s were stopped
in the gas at a pressure of 1 bar. Some of the pions

TABLE I. X-ray energies Ex as calculated for an exotic atom
without any remaining electrons, and crystal parameters Bragg
angle Oy, intrinsic resolution w, and dispersion dE/d® for the
Si(220) reflection. The natural linewidths of the x-ray transitions
are of the order of 10 meV, which is negligibly small compared
to the experimental resolution. ®g, which includes the index of
refraction shift, and w, were calculated by using the code XDF
[19] for plane crystals.

Ex (OF3 dE/d@

Transition (eV) Op ™ (meVv/")
7 °Ne(6h-5g) 4509.888 45°43/2.6" 125 21.32
7 “N(5g-4f) 4055.373 52°45'47.2" 145 1494
w'0(5g7,-4fs;) 4024308 53°20'43.2" 147 1451
w1%0(5g92-4f72) 4023757 53°2121.2" 147 1451
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decelerating inside the cyclotron trap decayed into muons.
Of these, 10° u~ /s were stopped in the gas.

The spectrometer was equipped with spherically bent
silicon 110 crystals of 100 mm diameter and a radius of
curvature of R, = 2985.4 mm. In order to avoid edge
effects from bending, the crystals were covered with
a diaphragm of 95 mm free diameter (J95). A two-
dimensiona picture of the reflected x rays was recorded
with charge-coupled devices (CCDs) allowing to correct
for the curvature of the image before being projected to the
axis of dispersion. With the small pixel size of 22.5 um
and good energy resolution of about 200 eV FWHM (at
4 keV) of the CCDs, an efficient background reduction
was achieved by the analysis of the hit pattern. Charged
particles, x rays of higher energies, and y rays deposit
energy in several neighboring pixels and can therefore
be discriminated against low-energy x ray events, which
deposit charge only in one or two adjacent pixels. About
100 events per hour were detected in the pionic lines
(Fig. 1). The rate for muonic x rays was a factor of 20
less because of the more extended muon stop distribution.

Three crystals denoted Z15, Z30, and Z31 [21] were
used in this experiment. In al cases, the linewidths found
for the 7N and ©O transitions were significantly larger
than in the case of 7Ne (Table I1). In an earlier high-
statistics measurement of the 77N transition using also the
crystal Z15 [15], a FWHM of amost 50" (seconds of arc)
was found corroborating the present findings.

In the Johann geometry, the crystal surface does not
follow the Rowland circle. This causes an aberration
effect in the direction of dispersion (Johann broadening)
proportional to (cot®p - b./R.)>, where b. denotes
the horizontal extension of the crystal. Simulating the
experiment with a Monte Carlo ray-tracing code, which
includes the geometrical broadening, for the diaphragm
95 mm a linewidth of 22” (FWHM) was obtained for
the wNe(6h-5g) transition. This value is the theoretical
limit in resolution for that geometry. When reducing the
reflecting area horizontally to 60 mm (see below), the
limit for the linewidth decreases to 15”.

The measured line shape of the 7 *°Ne(64-5g) transi-
tion yielded sizable contributions to the linewidth, which
cannot originate from the intrinsic crystal resolution or
geometrical aberrations. Studies of the imaging properties
of the crystal Z31 by means of optical methods showed
surface distortions, which were attributed to an imperfect
bending of the silicon plates into a sphere. The devia
tions from a perfect surface were found to be up to 10",
which is sufficient to explain the broadening observed for
Z30 and Z31. The difference between Z31 and Z15 is
due to distortions of the silicon bulk material [15]. The
crystals Z30 and Z31 are assumed to be identical because
they were manufactured in the same process from the same
silicon bulk material of superior quality. No differences
were found from studies using ScK « X rays.

To study the effects of the Johann broadening, a sec-
ond diaphragm was attached to the crystals Z30 and Z31,
which limited the horizontal extension to 60 mm (||60).
For 7N, the linewidth did not change within the errors
when crystal or digphragm were changed (Table I1). In
the case of 7Ne, distinct differences showed up for the
two diaphragms, which are attributed to the Johann broad-
ening (Fig. 2). From a Monte Carlo ray-tracing calcula-
tion at the wavelength of the 77N transition, now including
an additional broadening owing to the crystal distortion,
for the linewidth of the crystal Z30 values of 24" and 18"
were found for the two diaphragms J95 mm and |{60 mm,
respectively. In the range of Bragg angles between 45°
and 53° (Table I), the widths of the reflections are con-
stant within 1”for a given diaphragm as confirmed by the
Monte Carlo simulation.

Hence, the linewidths of the 7N and n O transitions are
dominated by abroadening originating from effects related
to the systems formed with the molecules N, and O,. This
additional width is interpreted as a Doppler broadening
stemming from Coulomb explosion.

To quantify the Doppler contribution, the line shape
was modeled by the convolution of the resolution
function and rectangular boxes each corresponding to one
specific charge state. The best approximation is achieved

n n = n
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FIG. 1. Spectra of wNe(6h-5g), wN(5-4), and wO(5-4) transitions measured at a gas pressure of 1 bar using a crystal diaphragm
of @95 mm. In the #N and 7Ne spectra, the first parallel transitions 5f-4d and 6g-5f are visible. The relative intensity of the
a *Ne(6h-5g) transition corresponds to the natural abundancy of the ?’Ne isotope. The wO line was fitted as a fine structure
doublet. One channel corresponds to four CCD pixels of 22.5 um.
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TABLE II.

Linewidths (FWHM) as measured with the three Si crystals labeled Z15, Z30,

and Z31. The errors given are statistical only. A circular diaphragm covering the edge zones
of the crystals is indicated by 95 and an additional horizontal restriction by ||60.

p Z15 95 Z30 (795 Z30 [|60 Z31 95 Z31 [|60
Transition (bar) @) @) @) ) @)
7Ne(6h-5g) 10 293 *1.2 257 £ 0.8 189 0.9
7N(5g-4f) 06 477t 13

10 515*1.1 498 1.7 483 *13 478 +1.7

25 548 =07
wO(5g-4f) 10 513 =68

with one single box only. To search for a superposition
of several charge states, the line shape was modeled by
continuous functions, e.g., a Gaussian, which in all cases
led to a significant increase of y2. The Doppler widths
AEc for the approach with one box are given in Table Il1.
Applying this line-shape model to the resolution function
from 7Ne yields the asymmetric contribution to the sys-
tematic error.

From the Doppler width, the potential energy g1g2/r12
is deduced where ¢; and ¢, are the charges of the recoiling
7N (uO) atom and the nitrogen (oxygen) ion and r; is
their distance at the instant of fragmentation. The values
for q1q» as obtained from inserting the molecular bond
length rn, = 1.098 A (ro, = 1.208 A) [22] are given in
Table III.

The assumption of fragmentation at approximately the
molecular bond length is supported by the time scale for
the depletion of the electron shells. Auger emission is by
far the fastest process in the upper and medium part of the
atomic cascade. Typical Auger rates for atoms are at least
10'® s~! for L electrons when the pion’s (muon’s) main
gquantum number n is about 25. Radiative decay rates are
several orders of magnitude smaller [23,24]. The Auger
ratesin the“molecular” system 7N, (1 O;) are assumed to
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FIG. 2. 7°Ne(6h-5g) and 7 "“N(5g-4f) transitions mea-
sured with two different diaphragms (see Table I1).

be of the same order of magnitude asinthe“atom.” Shake-
off effects may further speed up the ionization. Therefore,
the pion (muon) is able to remove severa if not all binding
electrons in less than 1 fs.

In laser-induced Coulomb explosion, fragmentation at
distancesupto 5 A has been observed [1,2]. However, to
reach that distance, it takes the two ions about 7 fs, which
is longer than the time needed to deplete the electronic L
shell in both atoms even if the pion or muon is aready
attached to one of the fragments. For fragmentation dis-
tances significantly larger than the molecular bond length,
the two fragments must be ionized completely to explain
the observed Doppler width. This, however, requires the
very unlikely emission of K electrons from both ions.

The processes possible after separation of the molecule
and before emission of the x ray are collision, refilling,
radiative deexcitation, and K- and L-Auger emission. At
a gas pressure of 1 bar, the average time between two
collisonsis 10* fs for athermalized 7N system, but only
about 100 fs for velocities corresponding to the measured
Doppler broadening. The radiative lifetime of the 5¢g state
is 500 fs, whereas K-Auger emission takes place aready
after a few fs.

The cross sections both for collision and refilling are
of the order of several 10~15 cm? [9]. Therefore, at gas
pressures around 1 bar only a few collisions can happen
before the emission of the (5g-4f) x ray with a mean
energy loss per collision, which is small compared to the
maximum possible energy transfer. Hence, the velocity
derived from the Doppler broadening should be close to
the one originating from the explosion of the molecule.

At the occurrence of the (5g-4f) transition, the electron
shell of a #N (uO) system is completely depleted
for the target densities considered here.  Otherwise,
because of the short Auger lifetime, x radiation would
be strongly suppressed [11]. The observation of circular
transitions with high yields from levels up to n =7
proves that for the transitions measured in this experiment
the cascade develops mostly through the high angular-
momentum states [12]. At least the last two steps before
populating the 5¢ or 6h states proceed mainly due to
radiative deexcitation.

For a fragmentation distance of about the molecular
bond length, the possible range of one fragment’s charge
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TABLE IlI.

Coulomb explosion parameters. The symmetric error is statistical only. The systematic error is due to the various

assumptions on the fitting procedure and the parametrization of the response function as derived from 7Ne. Polarization corrections

[8] have not been considered.

p AEc v/c q192/r

Crystal (mbar) (meV) (1079) (eV) q1G2/e>
wN(5g-4f) Z15 295 620 773 + 24739 95 + 373 119 + 85, 9.2 * 0.679]
1000 765 = 47734 94 + 673 117 = 1475} 9.0 + 1.1798
2500 951 + 23%¢ 117 = 3%2 182 + 873, 139 + 07793
Z30 @95 1000 805 = 30713, 99 + 372, 130 + 1175 10.0 = 0.8%9%
Z30 |60 1000 855 = 26733, 105 = 375, 146 = 8*1¢ 11.2 = 0.6712
Z31 @95 1050 789 = 3073, 97 + 3%3, 125 = 8*%, 9.6 + 0.7°5§

#O(5g-4f) Z15 @95 1050 992 + 987333 123 + 1273 230 + 4579 19 + 419,

is between 2¢ and 6¢ (Table I11). A symmetric configu-
ration, i.e., gig»/e* ~3 X 3 to ~3 X 4, may origi-
nate from the complete removal of up to six binding
electrons from the N, molecule with a subsequent fast
emission of the remaining 2s electrons from the atom to
which the pion is finally attached. A second possibility,
resulting in asymmetric charge states, is separation after
removal of 4 binding electrons leaving a N°>* and a
(mN)*>* system. The (#N)>* system, however, must
then be ionized completely before the distance increases
significantly.

An evidence for a pressure dependence was found
from the wN(5g-4f) transition (Tablesll and IlI),
which may be explained along the lines of the density
effect observed in the line yields [8,12]. As the cascade
proceeds at higher pressures in average through lower
angular-momentum states, larger energy gains are
possible for one deexcitation step. Thisin turn permits the
emission of stronger bound electrons before separation.
However, a detailed investigation based on up-to-date
cascade models is necessary to prove the validity of such
arguments.

In summary, the Doppler broadening of x-ray transitions
originating from pion- and muon-induced Coulomb explo-
sion has been observed directly for N, and O,. Because
of the symmetry of diatomic molecules acceleration is ex-
pected to be maximal. The charges of the recoiling frag-
ments of (3—4)e indicate afast depletion of the molecular
electron shell by Auger emission.
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