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We have developed a new kind of recoil ion momentum spectroscopy technique, using a precooled
supersonic gas jet target, to determine state selective, scattering angle dependent cross sections for
swift ion-atom collisions @.25,...,1 MeV He** on He), by measuring the transverse and longitudinal
momentum of the recoil ion. A longitudinal momentum resolution-0f13 a.u. was achieved, about a
factor of 30 better than ever obtained before, which enables a clear separakamdL shell capture.

In the transverse direction a resolution corresponding to a projectile scattering angle uncertainty of
Ad¥p = *1 urad was obtained.

PACS numbers: 34.50.Bw, 34.70.+e

A well established, powerful tool to determine inelasticangled,) is obtained simultaneously. Thus we also deter-
energy transfers( values) in slow ion-atom collisions mined the scattering angle dependence of the state selec-
is translational spectroscopy, i.e., the measurement dive capture cross sections. For the transverse momentum
the change of the projectile kinetic enerdgsp§ [1]. The  component of the recoil ionp( ) the apparatus yields a
typical resolution for this traditional technique is in the precision of 0.02 a.u., which is for a 1 MeV He on He
range of AQ/Ep = 107*. Only a few experiments with collision equivalent to a resolution in projectile scattering
better resolution [2] or at higher energies [3] have beerangle of A%, = +1 urad. This is already about a fac-
reported. tor of 50 better than the best dire@t determination ever

It has been pointed out [4,5] and recently been demonachieved and again the precision is, in first order, inde-
strated [6,7] that the measurement of the longitudinapendent of the beam quality.
momentum transfer (parallel to the ion-beam axis) to In the approximation of small scattering angles and
the recoiling target ion gz) offers a novel possibility small changes of projectile energy in the collision (both
to determineQ values even at much higher projectile are very well fulfilled in almost all swift and fast ion-atom
energies and for poor definition of the incoming beamcollisions), pjx and p,z are independent of each other
longitudinal momentum. These measurements, howeveand carry different information on the collision process.
suffered from the target thermal motion and extensiorFor a pure electron capture reaction from energy and
which restricted the resolution tap;z = *£5.5 a.u. [7] momentum conservation it follows (in atomic units) [8]

andApjr = *4 a.u. [6]. 0 qup

In this Letter we report on a tremendous improvement PIR = == = 5 1)
of the pjz determination of about a factor of 30 to P
Apyr = *£0.13 a.u. The corresponding resolution in the pir = =pip = —mpuptan dp, (2)

Q value of AQ/Er = 1.1 X 107° enabled for the first where vp is the projectile velocity,mp its mass,q
time the resolution of capture into th€ shell from the the number of electrons transferred from the target to the
one into theL shell of the Hé* projectile at a collision projectile, andQ the inelasticity of the reaction (i.e., the
energy of 1 MeV. The recoil ion momentum resolution difference between the initial and the final sum over all
does not depend in any way on the projectile velocityelectronic binding energies). Itis obvious that for capture
and only in second order on the beam divergence antkactions, where no electron is emitted to the continuum,
energy spread. By modifying the extraction geometry weonly well defined discretgz are possible, showing di-
envisage another factor of 10 improvement in the nearectly the capture to different final states, whjex re-
future. flects the projectile scattering angle. If some electrons are
Since the recoil ion momentum is measured in all threeemitted to the continuum (for He only one is possible,
dimensions, information about the transverse momenturii the other one is captured), the measurement of the re-
exchange between target and projectile (i.e., the scatterirgpil is no longer equivalent to the one of the projectile.
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However, then the recoil ion transverse momentum comthe collision chamber through a hole of 1 cm diameter
ponent carries new information on the impact parameteinto a jet dump, pumped by a 36@sl| turbomolecular

of the collision. Because of the big solid angle of coldpump to reduce the helium residual gas pressure to
target recoil ion momentum spectroscopy (COLTRIMS) it10~8 mbar. Typical pressures are 200 mbar on the high
is possible to spectroscopy two momentum components gfressure side of th&) wm hole and5 X 10~* mbar in the

the projectile or an outgoing electron in coincidence withsource chamber. Both chambers are separately pumped
the recoil ion. Then, for example, in a transfer or singleby a 360 J's turbomolecular pump. At the collision point
ionization the reaction kinematics are also completely de3 cm above the skimmer, the helium gas jet has a diameter
termined, so that th® value and the scattering angle canof 1.1 mm and a local density of x 10''/cm?. The

be calculated too [8]. internal temperature is about 0.1 K in the jet direction

The Heé* on He electron capture reaction was choserj10]. Perpendicular to the jet the atoms have a momentum
as a test case because of its importance to magneticalbpread of+0.02 a.u. given by the velocity of the jet and
confined nuclear fusion research. With the advent othe skimming geometry.

D-T runs at the Princeton TFTR tokamak in the fall of The recoil ions created at the intersection point of the
1993, and similar planned experiments on JET in 1995gas jet with the ion beam are extracted by a homogeneous
it is necessary to be able to measure the alpha particlelectrostatic field of 330 m¥em. After passing a field
confinement and time evolution in the fusion plasmasfree drift region they are postaccelerated onto a position
The diagnostic used for these investigations is to injecsensitive channel plate detector with a position resolution
fast, neutral helium and then measure the line radiationf <0.2 mm. Great care has been taken to assure proper
from single electron capture to excited states. Signals dield conditions in the spectrometer area. The drift region
fast alpha particles at energies to 600 keV were realizets separated from the extraction region by a woven mesh
in the recent TFTR runs. However, cross section dataf 0.25 mm mesh width. A stack of three of these meshes
exist to only 240 keV [9]. One purpose of our work with 1 mm spacing shields the drift region from the strong
is to provide these critically needed state selective crosgostacceleration field. On all parts, including the meshes,
sections. a thin layer of carbon is evaporated to avoid contact

Figure 1 shows the schematics of the new apparatugotentials. A homogeneous field in the extraction region
To form a cold localized helium gas target, a supersoniés obtained by shielding this area from external potentials
gas jetis used. The helium gas expands throughham  with a carbon fiber. One fiber of um diameter and
hole. The gas source is mounted on the cold finger 010 m length is wound around four supporting germanium
a cryo pump and is cooled down to 14 K. The gas jetcoated isolater screws. The fiber defines the potential in
is collimated at a distance of 11 mm from the expansiorthe extraction region and divides the voltage.
hole by a skimmer of 0.3 mm diameter. The gas jet leaves The time of flight of the recoil ions is measured by a
coincidence with the charge exchanged projectiles. From
the time of flight and the position on the channel plate
detector the three momentum components of the recoil
ion are calculated.

The resolution of the current apparatus fpjz is
+0.13 a.u. (Fig. 2); it is due to the uncertainty as to where
the recoil ion was produced, given by the diameter of the
gas jet. For the momentum component in the direction
of the extraction field, the different starting points of
the recoil ions are focused in time to first order due
to the ratio of 1:2 of the extraction to the drift path
length. Thus, the momentum resolution in the direction
of the extraction field is+0.02 a.u., only restricted by
the internal momentum spread of the jet perpendicular to
the jet direction. This momentum resolution corresponds
to the momentum of an electron with 10 meV kinetic
energy. A spectrometer with the extraction field in
the beam direction is under construction. This will
facilitate an improved resolution by a factor of 10 for

Cold Head Q-value measurements and the possibility to increase the
— extraction voltage without Iosirjg precision. This will
2cm enable us to extend the properties of the spectrometer for
FIG. 1. High resolution recoil ion momentum spectrometercollisions with much higher momentum exchanges than in
with precooled supersonic gas jet target. these test measurements.
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FIG. 3. (@) Total cross section for the reaction’He- He —
FIG. 2. (a),(b) Longitudinal momentum distribution for the He'* + He'*. Full circles are this work, open circles from
recoil ions from the reaction 0.25 and 1 MeV He+ He—  [11], squares from [12], diamonds from [13], dash-dotted line
He'* + He'*. The momentum resolution is 0.26 a.u. FWHM. is CDW calculation [14], dotted line is coupled channel calcula-
The peaks correspond to the different states of projectile andon [15], short dashed line is molecular orbital calculation [16],
target as indicated in the figure. The full arrow shows thelong dashed line is coupled channel calculation [17], and full
contribution of the ternywv,y/2 from Eq. (1), which is due to line is Eikonal distorted wave calculation [18]. (b) State selec-
the mass transfer between target and projectile; the dashaile capture cross section as indicated in the figure. The experi-
arrows show theQ/vp term from Eq. (1) for the different ment does not distinguish which partner is in the excited state
states. for the symmetric collision system. Dash-dotted [14] and full
[19] lines represent both CDW calculations for ground state
capture. Squares are ground state capture (experiment), circles
are capture or target excitation to shell (experiment), dia-
The measuregr distribution for single capture col- monds are capture or target excitationMoor higher shell (ex-
lisions of 0.25 and 1 MeV H& on He is shown in Periment), and triangles are capture and target excitation to

; P r higher shell (experiment). Long dashed line is ground state
Figs. 2(a) and 2(b). The measured recoil ion momentungapture (dCTMC), dashed line is capture or target excitation to

is, according to Eq. (1), equal to the sum of two terms, ‘ghel| (dCTMC), short dashed line is capture or target excita-
The backward component, indicated by the full arrow intion to M or higher shell (dCTMC), and dotted line is capture

Figs. 2(a) and 2(b), is due to the mass transfer of the cagnd target excitation ta or higher shell (dCTMC).

tured electron from the target to the projectile. hevy

term, indicated by the different dashed arrows, is due to

the fact that the recoil ion has to compensate for the moenergies, the experimental data are reasonably described

mentum change of the projectile caused by@healue of by various theoretical calculations.

the reaction. As in translational spectroscopy the experi- Looking at the state selective cross sections [Fig. 3(b)]

ment cannot determine whether the projectile or the targeine observes that with increasing projectile energy the

is in the excited state for this symmetric collision system.population of tightly bound states relative to total capture
The total and state selective cross sections as a fun@creases, as is expected from the consideration of veloc-

tion of the projectile energy obtained from these spectraty matching. The experimental error of the ratio between

are shown in Figs. 3(a) and 3(b). The data are normalthe (n,n’) = (1,1) and (1,2) and (2,1) exit channels is

ized to total cross sections from [11] for single ionizationmuch smaller than the error for the absolute cross section,

which have been measured simultaneously. Good agreshown in the figure, which results from the normalization.

ment of our total cross sections with previously measured The quantum mechanical calculations, which are only

data from different authors [11—13] is observed within theavailable for ground state capture, compare well to the

statistical error bars. Apart from discrepancies with pre-experimental data, as far as continuum distorted wave

dictions of continuum distorted wave calculations at low(CDW) and coupled channel calculations are concerned.
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CDW cross sections from [14,19] are above our data ilCOLTRIMS enables at all beam energi€svalue and
the whole energy regime investigated, especially at enscattering angle measurements for ion-atom collisions
ergies< 0.5 MeV. Results using the classical trajectory almost independent of the beam energy spread and
Monte Carlo (dCTMC) model [20] are in good agreementangular divergence. The resolution ©0.13 a.u. for the
with the experiment for all final states. longitudinal momentum of the recoil ion is equivalent to
Differential cross sections in the transverse momentumAQ/E, < *3.5 X 107 for 1 GeV/u U on He collisions
transfer for the state selective capture in Figs. 4(a) andr to an energy resolutiodQ = +3 eV for a 5 MeV
4(b) are obtained by evaluating the transverse momentumranium beam. Such experiments are planned at the
of the recoil ion. While the capture to the excited statesstorage ring (ESR) at GSI, to be done in an electron-recoil
shows a smooth decrease at larger transverse momentaincidence measurement with the longitudinal recoll
the K shell capture exhibits an oscillating structure atextraction for the transfer ionization reaction channel.
the lower impact energy. This interference structure for Because of the unique combination of high resolution
K-K transfer is well known for slow collisions, where the and a solid angle of nearlys, this technique is ideally
classical electron orbit velocity is large compared to thesuited for multiple coincidence studies of all kinds of
projectile velocity [21]. atomic collision processes.
In conclusion, we have demonstrated the power of The work was supported by DFG, BMFT, and GSI.
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