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Abstract:

In order to investigate many-particle reaction dynamics in atomic collisions a novel
high-resolution technique has been developed, which determines the momentum and
the charge state of the slowly recoiling target jons. Using a very cold, thin, and
localized supersonic gas jet target a momentum resolution of better than 0.05 a.u. is
obtained by measuring the recoil-ion time-of-flight and the recoil-ion trajectory.
Because of the very high detection efficiency of nearly 100% this technique is well
suited for many-particle coincidence measurements in ionizing collisions. First
experimental results for fast ion and electron impact on helium targets are presented.
Future applications in atomic collision physics and related areas are discussed.



INTRODUCTION

A novel technique for high-resolution momentum spectroscopy is presented, which
allows for the first time a precision measurement of the complete momentum balance in
ionizing ion-atom collisions. Using cold supersonic jet or laser cooled atomic targets the
initial target state is extremely well prepared (T=30mK) and thus the momentum transfers
p during the encounter with any kind of projectile can be determined with an accuracy
exceeding Ap/p =10 (-8) for selected systems still achieving a detection efficiency of
nearly 100%. p is the projectile initial momentum in the laboratory system.

In atomic physics so far high-resolution techniques were mainly restricted to the
spectroscopy of electronic transition energies and energy levels, i.e. to the investigation
of the stationary electronic structure of atoms and ions or even exotic systems like
muonic atoms, geonium, heavy few electron ions, etc.. In these investigations an
impressive experimental precision has been reached using high-resolution photon and
electron spectrometers, advanced maser and laser techniques, traps and storage rings
leading to a very profound theoretical understanding of the electronic level structure of

stationary systems including contributions due to relativistic, QED, electroweak and even
QCD effects (1-10).

In contrast the understanding of dynamic processes in atomic collisions has been
seriously lacking behind due to enomfous theoretical problems to describe time-
dependent many-particle reactions and due to the hugh basic difficulties to perform
"complete” scattering experiments in atomic physics. Only recently considerable
theoretical progress has been achieved in treating the dynamical three-body Coulomb
problem (11-14). Furthermore first experiments have been performed where two
continuum electrons were detected in coincidence for the double photoionisation of rare
gases (15, 16). However, applying conventional electron spectroscopy an improvement of
resolution causes a reduction of detection solid angle. Therefore, electron-electron

coincidence measurements can only be performed for selected collision systems where
the cross sections are sufficiently high.

The novel technique described in this paper, for the first time allows to detect one
reaction product, namely the recoiling target ion, with very high momentum resolution of
Ap=0.05a.u. still achieving a detection efficiency close to 100%. This momentum
resolution corresponds to an energy resolution of AE=40meV in the electron detection
channel. Notice, the solid angles of conventional electron spectrometers with such an
energy resolution are typically below 10 (4) sterad. Thus,gaining a factor 10(+5) in solid
angle the COLD TARGET RECOIL ION MOMENTUM SPECTROSCOPY
(COLTRIMS) will enable a new generation of precision experiments in atomic collision
physics and related areas: Applying multi-coincidence techniques between the recoil ion
and emitted photons or electrons kinematically complete experiments can be envisaged
investigating double and multiple target ionization, projectile ionization and excitation as
well as electron capture (radiative or kinematical) in so far unachieved detail and
precision. In contrast to conventional translational spectroscopy the resolution depends
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only in second order on the momentum spread of the incoming projectile and does not
decrease with increasing projectile velocity. The new technique is in particular applicable
in GeV collisions or in storage rings.

COLTRIMS marks an important step forward compared to the traditional recoil-ion
detection methods (see e.g. 17-21), which have been used in numerous experimental
investigations to study ionisation and capture reactions. In first generation experiments
the final recoil-ion charge state was detected in coincidence with other reaction products
revealing cross sections integrated over all impact parameters. With improved techniques
in second generation experiments either the recoil-ion transverse (21-24) or longitudinal
(25-28) momenta were measured with a typical resolution of a few a.u., thus yielding
detailed information on the transverse momentum balances, impact parameter
dependencies or on the Q-value (inelasticity) of the reaction. In this paper the third
generation recoil-ion spectrometers are presented. A short description of the basic
features of COLTRIMS is given together with a compressed presentation of first results
and possible applications and future perspectives.

To controle experimentally the complete momentum balance in an ionization process
(with a non zero Q-Value), where the projectile P (ion, electron, photon etc.) hits a cold
target atom T and n initially bound electrons are emitted into continuum states, m final
momentum components have to be determined. The number m is equal to the number of
(n+2)x3 final mometumn components plus 1 (unknown Q-value) reduced by 4 (because of
energy (1) and momentum (3) conservation ). If n=0 (projectile or target excitation only),
it is sufficient to measure the three recoil-ion momentum components to identify the
complete momentumn balance and simultaniously the Q-value of the reaction. If n=1
(single ionization of projectile or target, e.g. an (e,2¢) reaction), in addition to the recoil-
ion momentum vector also two electron or projectile momentum components must be
measured. Thus, adding the appropriate position-sensitive electron or projectile detectors
to the recoil-ion detection system the required complete momentum determination can be
achieved.

EXPERIMENTAL TECHNIQUE OF COLTRIMS

COLTRIMS is based on a very cold, thin, and localized supersonic gas jet traversing a
well controlled electrostatic field configuration. In figure 1 the experimental set-up is
presented in a schematic way. The rare gas (He, Ne, Ar, etc) is precooled to a
temperature of approximately 15 K (for He) at a pressure of between 200 and 1000mbar
using the cold head of a cryopump. The precooled gas expands through a 30 micrometer
hole forming a very cold supersonic jet. The coolest inner jet fraction passes through a
0.3mm skimmer into the scattering chamber . For He this final jet has a transverse
temperature of about 0.04a.u.. The longitudinal momentum spread is about 0.03 a.u.. The
jet diameter at the intersection point with the fast ion, electron or photon beam is 1.1mm.
Depending on the actual reaction investigated an appropriate weak homogenous
elektrostatic field in the
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acceleration region (optimized for resolution and detection efficiency) bends practically
all recoil ions of interest towards the drift region (see figure 2). After passing the drift
region the ions are detected by a two-dimensional position-sensitive channelplate
detector. Knowing the electrostatic field, the position, where the ionisation event took
place (projectile-target intersection), the final detection position and the recoil-ion time-
of-flight (TOF), ¢hwus its trajectory can be calculated. From the recoil-ion trajectory and its
TOF the recoil-ion momentum vector is absolutely determined with a relative accuracy of
better than 0.5%. In order to obtain an optimum momentum resolution the size of the
intersection area of gas jet and projectile beam has to be minimal. In the x and y direction
a very narrow projectile beam collimation (typically 0.1x0.1 mm2) ensures the very
precise determination of the x and y recoil momentum components. In z direction the
resolution is primarily limited by the 1.1mm width of the target gas jet. However, using
the time focusing field geometry along the z axis (ratio of path length in the extraction
field to that in the drift region should be 0.5) the "poor” resolution in the z component
due to the jet width can be eliminated to first order. In this way a very good momentum
resolution comparable to the one in x- and in'y directions can be achieved,too (29, 30).
For a complete determination of the total momentum balance in an ionizing collision the
emission angles (two momentum components) of the ejected electrons must additionally
be measured. Thus, position-sensitive electron detectors have to be placed around the
open recoil-ion extraction region providing an optimum detection efficiency of several
sterads and the required resolution. The influence of the weak electrostatic field on the
electron trajectory can precisely be calculated. For two or more electron coincidence
experiments total coincidence efficiencies of a few % can be obtained by using large area
position sensitive channelplate detectors with multi hit capability (31, 32).

SELECTED EXPERIMENTAL RESULTS

To demonstrate the power of COLTRIMS first experimental data for three typical
jonization reactions will be presented:

(i) Electron capture: 0.25MeV He(2+) on He —He*(1+) + He*1+;
(i) Projectile ionization: 0.25 to 2 MeV He(1+) on He —sHe(2+) + He(l+) + 2e
(iii) Target ionization: 500eV electron on He —~sHe(1+) + 2e .

(i) Electron capture: 0.25MeV He(2+) + He—sHe*(1+) + He*(1+)

This electron capture process (32) is a pure two body reaction and the measurement of all
three recoil-ion momenta allows to determine the complete momentum balance including the
Q-value of the reaction, i.e. the identification of excited states. For small scattering angles
(perfectly fullfilled in this case) we obtain from momentum and energy conservation for the
final recoil ion longitudinal p, R and transverse p, » momenta, respectively (the initial target
atorn momentum is zero!)
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p“K = -Q/vp- mvP/2 (a) W
Pe= P, = '%'po ' (®)

/) and p,, are the projectile initial velocity and momentum, respectively. For the present
collision system are: v,=2.23a.u. and p,=1.6x10(4)a.u..It is to notice that in this limit of
small center-of-mass angles both momentum components are completely independent of
each other, thus allowing a precise determination of both the nuclear trajectory and of the
Q-value of the electronic transitions (for details see references 25-29). The mv',/2 term in
equation la accounts for the electron mass transfer from the target to the projectile which
yields in the Lab-system a backward momentum component of the recoil ion. The recoil-
jon transverse momentum must be identical with the projectile transverse momentum, ie.
corresponds to the projectile scattering angle. With the resolution obtained in this
experiment of Ap,=+ 0.13a.u. andAp .=t 0.025a.u. a Q-value resolution of about +8eV
and a scattering angle resolution of agéut +3x10(-6) rad is achieved. The recoil-ion time-
of-flight and the capture reaction are identified by a coincidence between the outgoing
He(1+) projectiles and the He(1+) recoil ions. In figure 3 the measured differential cross
sections are presented. Electron capture into projectile K- shell (left peak) is clearly
‘'separated from the capture into the L-shell, or K-shell capture plus simultanous target
excitation (right peak). These results show, that COLTRIMS for the first time allows the
direct measurement of differential cross sections for single and multiple capture into
excited states at such a high projectile velocity. With the present resolution even high n
states up to n=20 would be separable for 10MeV/u U on He collisions (29), which
corresponds to a Q-value resolution of about 10(-8). This value can be improved by
extracting the recoil ions along the beam direction (33).

Particularly in storage rings COLTRIMS is a powerful method since the projectile beam
is not affected and it can be applied to study multiply differential state-selective capture
cross sections.. The Q-value resolution achieved with the present set-up would
correspond to a line width (FWHM) of about 100eV for the determination of the uranium
K-shell binding energy in 5SMeV/u U(92+) on He single capture collisions. This is already
about a factor of ten better than the best results obtained with solid state x-ray detectors.
Applying the "time-focusing” geometry a FWHM of about 20eV can be envisaged
making COLTRIMS to a high-resolution energy spectroscopy instrument. Due to the
large transverse momentum transfers in close inner-shell capture collisions a magnetic
solenoid field parallel to the beam direction will bend all recoil ions (4ffsolid angle) on to
a position-sensitive detector in backward direction. In this configuration the longitudinal
momentumn is determined with high precision, whereas the transverse momentum (i.e.
impact parameter) is measured only on the 10% level. Because of the very high
luminosity of the GSI experimental storage ring (ESR) and the 4Wdetection solid angle of
the solenoid device, mbam capture cross sections become accessible with COLTRIMS.
First experiments with solenoid coils have been successfully performed at the UNILAC
of GSI (33).
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(i) Projectile ionization: He(1+) on He —#He(2+) + He(1+)

In this reaction (34) the projectile as well as the target are simultaneously ionized where
the ionization can proceed either via electron-nucleus (e-n) or via electron-electron (e-
e) interaction. The e-e collisions will in general occur at larger impact parameters
leading to smaller recoil-ion transverse momenta than e-n encounters (34-38). In case of
e-¢ interaction the target nucleus is mostly just a spectator remaining in its initial
momentum state. The e-n ionization, however, will lead in general to larger transverse
recoil momenta and the longitudinal recoil momentum will directly reflect the Q-value of
the reaction. Thus, we expect different recoil-ion momentum patterns for both processes
which might be separable by using COLTRIMS. In figure 4c the measured recoil
momentum distribution is shown for Ep= 1MeV. To identify the projectile ionization
experimentally the recoil ions were measured in coincidence with the outgoing He(2+)
projectiles. Two maxima are visible in the contour plot. The first maximum A (smaller
recoil-ion momenta) reflects the e-e contribution and the second maximum the e-n
interaction. To manifest this statement the corresponding recoil momentum distribution
for 130eV electron impact has been measured, too (see figure 4f). These electrons have
the same impact velocity as 1MeV He(1+) ions. The maximum position A coincides
exactly with the one of electron impact.

Further evidence for the above interpretation is provided by the measured projectile-
energy dependence, which is shown in figure 4a-e. The e-e contribution displays a
threshold behavior (threshold for pure e-e-ionization is Ep=400keV). Above the threshold
a weaker Ep dependence than for the e-n reaction is expected. According to ref. 34 the e-
n contribution will decrease with 1/Ep **2 (two step process) and the e-e contribution
(one step process) only with 1/Ep. Figure 4 demonstrates that COLTRIMS has the power
to separate experimentally in a clear kinematic manner the small differences in the
momentumn transfers between e-e- and e-n scattering in bound many particle systems.

Thus,we can expect that COLTRIMS will allow the measurement of impact parameter
dependent cross sections for single and multiple excitation and ionization of heavy few-
electron systems up to hydrogen-, helium- or lithium-like uranium projectiles in the ESR
storage ring in collisions with rare gas targets. From the experimental results at lower
energies and for light projectiles presented in this paper it can be concluded,thvaet
contributions due to e-e or e-n interactions will be clearly separated even
threshold. Such experiments , which are in preparation, will mark an important step
forward compared to total cross section measurements.

(iii) electron impact target ionization (40): 500eV e+ He-—ee + He (1+) + ¢

(e,2e) reactions have been systematically investigated by electron-electron coincidence
techniques ( for a review see e.g. ref. 41). Measuring the two final electron momentum
vectors the complete momentum balance in the final state is known for single ionization.
Due to experimental difficulties (small spectrometer solid angles etc.), however, so far
mostly coplanar electron momenta (momentum vector of incoming and both final
electrons in one plane) have been investigated (42). In future COLTRIMS will allow the
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complete measurement of all momenta without any spatial restriction with high efficiency
and good resolution. Using the set-up shown in figure 2 all three recoil momenta are
measured with about 4n solid angle. Two momentum components of the fast electron
are measured with high efficiency by a position-sensitive detector mounted in forward
direction. The position of the second electron is measured by a second position-sensitive
electron detector mounted under 90 degree with respect to the beam direction. Thus,seven
out of nine final momenta become experimentally accessible. Such experiments are
presently under way (43). Adding one more position-sensitive electron detector
kinematically complete investigations of even (e,3e) reactions can be envisaged with an
overall coincidence efficiency of about 1%.

So far for electron impact only the recoil momentum and charge state have been
measured with COLTRIMS without any electron coincidence. These data already give
new insight and interesting information on the (e,2e) and particularly on (e,3e) processes.
In figure 5 for 500eV electrons on He the single differential cross sections do/dp for He-
single ionization as function of the recoil-ion momentum are presented in comparison
with measured cross sections as function of the final electron energy. A quantitative
comparison (40) of the these recoil-ion data with the Compton profile given in the
literature (44) shows that the final recoil-ion momentum distribution after such collisions
is even narrower than the initial recoil-ion Compton profile. In figure 6 the measured
recoil-ion momentum distribution (pjr and p.r ) is shown for He (2+) ions. It is obvious
from these data, that for He(2+) there is practically no contribution with pr=0, i.e.
ionization at the BETHE rigde is found to be negligibly small. For He-double ionization,
however, a clear signature of the incoming electron- nucleus scattering is observed. The
two-body momentum exchange between these two particles is indicated by the solid line
in the figures. Details on this measurement and on the interpretation of the data are given
in reference(40)

SUMMARY AND FUTURE PERSPECTIVES

In the previous section we have demonstrated the potential of COLTRIMS which
" combines three important features in a unique way: 1. high momentum resolution, 2.
nearly 100% detection efficiency for the recoil ions and 3. the "open” construction
geometry supporting an easy implementation of electron or photon detectors for a multi-
coincidence system. We have presented selected examples on electron capture, projectile
jonisation and target single and double ionisation by ion and electron impact. They
illustrate the power of COLTRIMS to illuminate the mechanisms of collision induced
many-body momentum transfers. In addition to some future developments which have
already been mentioned several other perspectives will be considered in this section.
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1. Photoionization, multi-photon ionization and Compton scattering

The cross section for single ionization of target atoms by high-energy photon impact is
very small and typically in the bamn regime. Thus, measurements investigating multigle
photo ionization or Compton scattering on gas-target atoms are facing tremendous
experimental difficulties. So far only two experiments on rare gases double ionization at
low photon energy have been reported (15, 16) recently where two outgoing electrons
have been analysed in coincidence . Due to the small solid angle the electrons were only
detected under special geometrical conditions (both electrons have fixed and identical
final velocity and were coplanar with the incoming photon). Typical count rates are in the
order of 1000 per day. The low coincidence detection efficiencies of conventional
methods prohibit to study the complete momentum balance for photo-ionization at high
(keV regime ) photon energies. The situation is similar for helium double ionization in
intense laser fields (multi-photon ionization) and Compton scattering of high energy
photons (above 5keV) on gaseous targets, where so far no experiment has been
performed.

Combining COLTRIMS with position-sensitive electron detectors the overall coincidence
detection efficiency of such experiments can be increased by more than 5 orders of
magnitude as compared to an e-e- coincidence experiment still having very good
momentum resolution. Even in a "singles" experiment (no coincidence with electrons or
photons) the photo-effect and Compton-effect contributions to the helium double
jonization can easily be separated from the recoil-ion momentum distribution. For photo-
jonization the recoil ion has to compensate the momentumn of the primary fast electron. In
this case, e.g. for 8keV photon impact the recoil momentum for He-double ionization is
approximately 24a.u.. For double ionization after Compton scattering the recoil ion is
"spectator” and its momentum is close to 2a.u. only. Experiments to study these processes
in detail are in preparation at Hasylab (Desy-Hamburg) and at the ALS (LBL-Berkeley)

2.electron-neutrino angular correlation and neutrino mass measurements in B-decay

The first indirect experimental evidence for the neutrino existence was achieved in 1952
by Rodeback and Allen measuring the 9.6eV recoil energy of 37Cl from the
monoenergetic neutrino emerging after B8-decay of 37Ar by electron capture from the K
shell (45). The recoil energy was determined by a time-of-flight measurement of 37Cl
using the Cl-K-Auger electron as a start signal. '

In an improved experiment using COLTRIMS for the recoil-ion momentum measurement
and large area position-sensitive electron detectors the angular correlation between the
recoil ion and electron and thus the angular correlation between the electron and the
remaining neutrino can be studied with high resolution. So far only very few so called
angular correlation measurements between electron and neutrino have been performed for
quite energetic recoiling nuclei (MeV regime), where only the left-right or forward-
backward unisotropies were investigated. If polarized nuclei decay, these anisotropies
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yield basic information on invariance rules in the weak interaction (46). Also, high
resolution experiments could provide new unexpected structure in the angular
distributions due to coherent superposition of the different decay channels (Thomas-
Fermi or Gamow-Teller transitions). Investigating the tritium B-decay with a 50 cm long
recoil-ion detection system a neutrino-momentum resolution of about 50eV/c can be
achieved. In a second generation COLTRIMS set-up using laser cooled tritium targets
and measuring in addition the electron energy (longitudinal electron momentum) the
neutrino mass can be determined in principle from each single detected event. A precision
below 10 eV should be obtainable depending on the size of the recoil-ion and electron
drift lengths. In such an experiment 6 momentum components are measured instead of
one (electron energy), as the conventional methods do. Thus,all other contributions to the
Q-value resulting from molecular or solid state effects are controlled in a clean way,
which is a serious problem of the present investigations

3. High precision measurement of photon energies

Another quite unusual but interesting application of COLTRIMS is the very precise x-ray

energy measurement. In a photoionization event the total photon energy is equal to the
He-1s-electron binding-energy plus the kinetic energy of the ejected photo electron and
the He(1+) recoil ion. Measuring precisely the recoil-ion momentum the total kinetic
energy of the recoil ion and the electron can be accurately determined. A precision in the
recoil-ion time-of-flight of 10(-4) can be achieved and thus the photon energy will be
obtained with a high resolution just measuring a TOF intervall by an electron-recoil-ion
coincidence. The ultimate relative photon energy resolution is given by the mean target
momentum spread (about 0.03a.u.) divided by the final recoil momentum. For lkeV
photons the recoil-ion momentum is about 8.5 au. and a photon-energy resolution of
AEJE =1eV is expected. Such a technique could be used for calibrations of the synchroton
radiation energy. Since COLTRIMS is a very new experimental spectroscopy technique
more applications will certainly come up in the near future. This article is only a short
introduction into recent developments and first results using such cold supersonic gas-jet
targets in the field of recoil-ion momentum spectroscopy.
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Figure captions:

Figure 1: Schematic presentation of the experimental set-up. The lower part shows the
cooled head with gas reservoir and and the gas expansion hole, the upper part (separated
by the skimmer ) the recoil-ion spectrometer and the gas jet dump.

Figure 2: Present recoil-ion spectrometer device. The ion beam intersects the gas jet in
the extraction field region. After penetration of the drift region the recoil ions are
detected on the position-sensitive Channelplate detector (PSCD).

Figure 3: Longitudinal momentum distribution for recoil ions from the single electron
capture reaction 0.25MeV He(2+) + He—s He*(1+) +He*(1+). The different peaks
correspond to different capture states (n and n' indicate the final main quanturn numbers
of the electrons in the projectile and the target, respectively). The arrows above the right
peak represent the momenta (i) (solid line) due to the mass transfer of the electron from
target to the projectile (term my/2 in equation l1a) and (ii) (dashed lines) due to the
different excitation energies of the final electron states (term 0/va equation la). The
experimental resolutiom is given for the left peak.

Figure 4: Transverse and longitudinal recoil-ion momentum distributions (linear contour
plots) for the He(1+) +He —sHe(2+) + He(1+) ionization reaction. Figure a (He(1+)
impact) and b (electron impact) correspond to the same projectile velocity (see text).
The long dashed line marks the estimated p, o peak position of the e-n process and the
short dashed line the peak position of the e-e process. The + and x mark the
corresponding maxima of the CTMC calculations (34).

Figure 5: Differential cross sections (d%/dp ) for He single ionization as function of the
recoil-ion momentum (|B}) for 500eV electron impact (solid line). The dotted line
represents the corresponding differential cross sections as function of the final electron
momentum. Since between the fast primary and the slow ionization electron cannot
experimentally be distinguished the electron distribution must show the double peak
structure (40).

Figure 6: Contour plot (linear scale) of differential cross sections of He double
_ionization for 500eV electron impact on He as function of the recoil-ion transverse and
longitudinal momenta. The solid line indicates the recoil-ion momentum distribution for
a pure two-body (fast-electron nucleus) collision.



Turbo
Jet
Target Dump
Chamber ~10-6 Turbo
2=10-7 mbar He moor |||'|'|||'|
NN
— | oo Spectrometer
/Scts
lon Beam e
>
sx10'! | s5x10 ~3
em=2 | mbor
\\ |
\ Skimmer 400um
Gas nozzle 30um
Chamber A2100 mboar Turbo

= 5x10~* mbar

& Gas Input

%/ Heod 14K

il

Lt

Eeaw 4



— 15—

Cold Head

chare £



— 14—

counts (arb. units)

. T v ] v l
0.25 MeV He?*+He--He'(n)+He' (n")

' (1,23)&(23,1) -

(22,22) A



[ np)*"d

[nD]JaJ"d
E 210 L7

[nD]:JaJ "d

|

0 |- ¢~

£ ¢

|- Z'-

Eél

-‘-/————M

G

-
) f\l/?é

‘”\
.




Ay~

0.1¢ l ' ' ' K
!
do/dpe ;
S 0.01F 3
S - -
o ©
©
\ [ ]
o [ ]
v [ ]
0.001f :
1 |
4 5




-A4-—







