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6 The Recoil Ion Momentum
Spectrometer

In this section we will discuss how recoil ion momenta are measured. The principle
is fairly simple: a small electrostatic …eld extracts the recoil ion towards a posi-
tion sensitive detector and from the combination of the ‡ight time and the arrival
position on the detector, the initial velocity (momentum) vector is reconstructed.
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78 The Recoil Ion Momentum Spectrometer

6.1 Recoil extraction

The essential part of the recoil ion spectrometer is the electrostatic extraction
…eld. Its geometry i.e. the shape of the equipotential lines, and its magnitude
determine its basic properties. In …gure 6.1 the equipotential lines as calculated
by the computer code SIMION are shown in case the electrodes have symmetrical
voltages V¡ = ¡V+ . The collision center is positioned in the exact center of the
extraction region. The spectrometer consists of an 8 cm extraction region (…gure
6.1a) followed by an 8 cm long …eld-free drift region (b) and a detection region
(c). One super…ne electroformed Cu mesh with a 13 ¹m wire diameter and a 88%
open area is used to shield the drift region from the extraction region and two of
these meshes in series are used to shield the drift region from the detection region.

a cb

V-V+

Figure 6.1: Electrostatic …eld geometry of the recoil ion momentum spectrometer
in case of V -=-V + . The spectrometer consists of (a) the extraction region de…ned
by the electrodes V + and V ¡ , (b) the …eld free drift region (8 cm long) and (c)
the detection region. Also shown are trajectories of Na+ recoils emitted with the
same energy into all directions .

Also shown in …gure 6.1 are trajectories of 50 meV Na+ recoil ions emitted
from the collision center into in all directions. The dots on the trajectories are
time markers separated by 1 ¹s. We shall use these Na+ recoils in section 6.5.
The recoil ion momentum spectrometer is designed to have ”time focussing” and
”spatial focussing” properties and is cylindrical symmetric.

In …gure 6.2 a drawing of the recoil ion spectrometer inside the set-up is shown.
The grounded cylinder in the ultra high vacuum chamber has holes for the laser
beams and MOT-observations by CCD cameras.
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Figure 6.2: The ultra high vacuum chamber with the recoil ion momentum spectro-
meter installed inside. Clearly visible are the holes in the grounded cylinder around
the extraction region. Not shown is the 2D position detector located between the
exit of the drift tube and the top ‡ange.

In the detection region the recoil ions are accelerated with 1800-2300 V towards
a pair of chevron stacked multichannel plates (MCP’s). Behind the MCP’s a
detector registers both the 2D position and arrival time.

6.1.1 Spatial focussing
By creating a focussing electrostatic …eld as shown in …gure 6.1 the detector cor-
rects for the target extension perpendicular to the extraction direction. Because of
this correction, the target size is in principle no limiting factor in the 2D position
resolution. The slight curvature in the equipotential lines ( …gure 6.1) causes re-
coil ions, which started from di¤erent positions (…gure 6.3a) to arrive at identical
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Figure 6.3: Spatial focussing: The detector corrects for the target dimension per-
pendicular to the extraction direction. (a) shows recoils leaving from di¤erent po-
sitions spanning a width of 1 mm (b) shows these recoils arriving at the detection
region within 0.1 mm

places (…gure 6.3b). Spatial focussing works according to SIMION for all recoil
energies and emission angles (provided that the recoils reach the detection area)
albeit that the focus will vary from <0.1 mm to »0.3 mm depending on the recoil
’s initial angle and energy .

6.1.2 Time focussing

Regarding the arrival time of the ions, the recoil ion momentum detector cor-
rects for the target extension parallel to the extraction direction. Because of this
correction, the target size is in principle no limiting factor in the time-of-‡ight
resolution. To achieve time focussing we use a geometry as described by Wiley
and McLaren134 : After passing the distance L in the homogeneous extraction …eld
the ions pass a …eld-free drift region of length 2L. In this way ions with a starting
point ¢Z away from the exact scattering center and thus with additional energy
gained in the extraction …eld, will arrive at the detector simultaneously with those
starting at Z=0.



6.2 time of ‡ight 81

SIMION

b

SIMION

a

1 mm

<0.3 mm

Figure 6.4: Time focussing: the detector compensates for the target dimension
along the extraction direction. (a) shows 5 trajectories of recoils with identical
emission angle and energy leaving the collision center from di¤erent positions.
The dots are 200 ns timemarkers. (b) All 5 trajectories arrive at the detection
region within 10 ns and 0.3 mm

We illustrate this with a SIMION simulation (…gure 6.4). In …gure 6.4a we see 5
recoils of identical energy and emission angles leaving from di¤erent ¢Z positions.
In …gure 6.4b we see the recoils arriving at the detection region within » 10 ns
and 0.2 mm.

With the current extraction …eld geometry, which is optimal for spatial focus-
sing, the time focussing is not perfect. Time focussing is optimal when V¡=0.5¢V +

and spatial focussing is optimal at V¡=V +. In practice compromises between spa-
tial and time focussing were tested and no great in‡uences on the time of ‡ight
and 2D resolution of the detector were observed. This is probably caused by the
fact that the time-of ‡ight resolution of the detector is still limited by the ion
pulse length, and the 2D position resolution by the HM1 time-to-digital converter
(TDC).

6.2 time of ‡ight
Besides the arrival time we also have to know the starting time of the recoils and
this is done by pulsing the ion beam. The ion pulses are created by sweeping
the ion beam, between two condenser plates, across a diaphragm. The switch is
controlled by a TTL signal which after delay and TTL-ECL conversion is given to
the 2D-detector’s TDC as a start signal (see …gure 6.6). This signal is also given,
together with one of the detector stop signals, to a time-to-amplitude converter
(TAC) and a multi channel analyzer (not shown in …gure 6.6) to obtain more
complete time-of-‡ight spectra, since the 2D detector TDC only has a limited
range (3 ¹s).
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6.3 Recoil detection: the delay line detector

We use a delay line detector to register both the 2D position and the arrival
time. This delay line anode was developed by the Schmidt-Bōcking group and is
commercially available from Roentdek GmbH.135 The presently latest versions of
anode, pre-amp box and TDC were used in our experiments.

T1

T2

Figure 6.5: The principle of a delayline anode. The electron cloud from the multi
channel plates hits the wire. The electron cloud propagates to the wire ends and
the corresponding pulses are recorded by a TDC. The timing di¤erence between the
pulses is a direct measure for the position of the initial electron cloud on the wire.

A delay line anode makes use of the fact that an electromagnetic pulse initiated
by an electron cloud hitting the wire needs a measurable amount of time to reach
the end of that wire. Figure 6.5 illustrates this principle: a TDC registers the
arrival times of the electron cloud at both ends of the (wrapped) wire; the sum
of the times gives the duration to propagate along the entire wire (=constant),
the di¤erence of the two times gives the position where the electron cloud has
hit the wire. Two dimensional positioning is achieved by wrapping two wires
perpendicular to each other (”X1,2 and Y1,2 wire”) and by timing the four wire
ends with a one start-fourfold stop TDC (the HM1, see …gure 6.6). We de…ne
X´ X1-X2, Y´Y1-Y2 and in case of an external (chopper) start the time-of-‡ight
T´ (X1+X2)/2 or (Y1+Y2)/2. In case of a MCP start (X1+X2) and (Y1+Y2)
are constants.



6.3 Recoil detection: the delay line detector 83

delay-line
  anode

dlatr 6
pre-amp

Hm1 tdc
4 stops

start

Beam pulser

variable delay

ttl-ecl conv.

master
clock

personal
computer

Figure 6.6: Reading out the events. Pulses from the delaylinne anode (the 2d
detecror) are fed to the ”Dlatr6” pre-amp box. From the pre-amp they are given
as stops to the 4-channel HM1 TDC. A masterclock controls the chopper and via
a delay and TTL-ECL converter the signal is given as the start for the TDC. The
TDC has an PC interface and CoboldPc reads the events into a listmode …le

In reality the X and Y wires each consist again of two closely wrapped wires
(”signal and reference”, together forming a transmission line) and these are given
to a di¤erential ampli…er (this to eliminate common mode noise). The di¤erential
ampli…ers (”dlatr6”, see …gure 6.6) were also specially designed and made by
Roentdek

After ampli…cation and signal processing (discrimination, conversion) the ECL
signals are supplied to the HM1 TDC. In principle any TDC type and brand can
be used provided they have sub 300 ps resolution and a >2 ¹s range. In reality
only those qualify which are absolutely without jitter. Even small timing errors
(»1 ns) will immediately give rise to blurring of the 2D image. The HM1 however
has the same 2D resolution for 50 ns and 3 ¹s events, although we do have to
correct (o¤-line) for the individual TDC channel calibrations. For example, the
Y1 TDC channel is 4% slower than the Y2, causing an enormous Y position drift
with time.

A specially designed program (CoboldPc, developed by Roentdek) handles the
communication with the HM1 and can either display spectra immediately (but
destroying the events) or write a list mode …le. We applied the latter method and
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used MATLAB for the o¤-line evaluation of the recorded events.

6.4 Recoil momentum reconstruction (theory)
The …rst o¤-line transformation performed on the list mode data is the TDC calib-
ration. This transformation ensures that position measurements are not in‡uenced
by the total ‡ight time from target to detector. The calibration can change slightly
from week to week, but we can use the Na+

2 MOT-ions to re…ne the calibration
(see next section). Na+

2 ions are permanently produced in associative ionizing col-
lisions of excited Na(3p) atoms and are practically without kinetic energy. Their
arrival position is used to de…ne the origin (X=0,Y=0) and the (X,Y) plane is
translated accordingly. Then we reconstruct the (vx,vy,vz) with vx;y=x;y

T (with
T´ Tdelay + Ttdc) and vz given by an algorithm vz(T,Ez,L) which takes the time
of ‡ight T, the extraction …eld Ez and extraction distance L as input to calculate
vz. This algorithm was obtained by analytically solving the time of ‡ight of an ion
with mass m and charge q starting with velocity vz in a homogeneous extraction
region. L denotes the length of the extraction region and Ez the electric …eld in
this region. The drift region has the length 2L. The resulting function for T is
given in eq. 6.1 and was veri…ed with SIMION simulations.

T (L;Ez; vz) =
¡vz

a
+

r³vz

a

´2
+

2L
a

+
2Lp

v2
z + 2L ¤ a

; where: a =
q ¤ Ez

m
(6.1)

The expression in 6.1 can be inverted analytically with Mathematica to obtain
the function vz(T,Ez,L) which is too long and complex to be displayed here. In
order for the vz(T,Ez,L) and vx;y functions to work we have to know however the
exact Tdelay in the expression T´ Tdelay + Ttdc.

The Tdelay consists of the manually set delay (Phillips Scienti…c, model 794,
the delay and TTL-ECL converter in …gure 6.6) and additional delays produced by
cables, pre-amps, signal converters, etc. It can therefore not be measured directly
but has to be reconstructed. This is done by …rst using the peak separation of at
least two clearly identi…ed time-of-‡ight peaks. The peaks of the Na+ and Na2+

recoil ions usually qualify but also the H+
2 peak from the background gas can

be used. The time between these peaks yields the reconstructed extraction …eld
Ez and this …eld is 30% smaller than the manually set …eld (V+-V¡)=2L. The
di¤erence between the reconstructed and the set …elds is caused by the grounded
cylinder around the extraction region (which is required to obtain spatial focussing)
and the fact that the reconstruction algorithm assumes a homogeneous …eld which
in reality is not the case, especially near the reaction center. There is however
no discrepancy here since the 30% di¤erence is also predicted by the SIMION
calculations.
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With the exact extraction …eld Ez reconstructed Tdelay can be determined with
great precision by demanding that the transverse velocity distribution (vy,vz)of
a Nax+ data set is symmetrical around zero. The (vy,vz) distribution will be
discussed further in the section 6.5 and examples can be seen in …gure 6.8.

With the initial recoil velocity (vx,vy,vz) reconstructed we then calculate the
recoil momenta along the ion beam (Plong) and perpendicular to the ion beam
(Ptrans):

Plong =
vx

vo
(6.2)

Ptrans =

q
v2

y + v2
z

v0

; (6.3)

with vo=52.8 m/s, corresponding to 1 a.u. of Na momentum.

6.5 Recoil momentum reconstruction (practice)

After the introduction in the previous section we will now show how momenta
are actually reconstructed from the raw data. In …gure 6.7b,c and d the spatial
distributions at the 2D detector are shown of ions arriving at times indicated in
the time of ‡ight spectrum of …gure 6.7a, namely shortly before, exactly at and
shortly after the arrival of Na2+ recoils.
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Figure 6.7: Time-of-‡ight spectrum and 2D images: (a) time of ‡ight peak of Na3+

and Na2+ recoils. Indicated (by b,c and d) are the arrival time sections for b-d
(scale in micro seconds). (b) Events (MOT-ions + some recoils) before the Na2+

peak, (c) the main Na2+ peak and (d) MOT-ions after the Na2+ peak. The scales
in b-d are in mm.

The distributions in …gure 6.7 b and d represent mainly Na+
2 MOT-ions and

…gure 6.7c the Na2+ recoil ions which show a great extension in the Y-direction.
One can also see that these Na2+ ions arrive at slightly negative X-positions,
indicating a small momentum component in the negative X-direction, i.e. opposite
to the initial projectile velocity. The 2D data from …gure 6.7 b-d have already
been through a translation to center the MOT-ions at (0,0), a TDC calibration
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procedure to ensure that the (0,0) in …gure 6.7b is also the (0,0) in …gure 6.7c and
d. Moreover a small rotation of »2 degrees around (0,0) is performed to ensure
that the recoils of …gure 6.7c are distributed symmetrically around the ion beam
which is the X-direction. The MOT-ions spots …gure 6.7 b,c are quite compact
(<1 mm FWHM). This con…rms that the target was well de…ned i.e. did not move
in the (X,Y) direction during the experiments. The MOT is also monitored by
a CCD camera during the experiments, mainly to check for up/down movements
(see …gure 5.7).

After the evaluation of the (X,Y) information we reconstruct the transversal
velocity (momentum) distribution (vy,vz), which is composed from each recoil’s
Y (2D detector) and Z (time-of-‡ight ) information (discussed in the previous
section).

Figure 6.8: Three studies of the (Vy,Vz) transversal velocity plane for two extrac-
tion …eld geometries: (a) SIMION study with 50 meV Na+ recoils in a V ¡ =-7
V, V +=10 V …eld con…guration (b) experimental Na+ recoils (produced by He2+

impact) in a V ¡ =-7 V, V +=10 V …eld con…guration and (c) experimental Na+

recoils in a V ¡ =-6 V, V +=13 V …eld con…guration.

In …gure 6.8 we see three (vy,vz) reconstructions. The recoils in (a) are 4¼
emitted, 50 meV Na+ theoretical recoils generated by SIMION (see also …gure 6.1)
and the recoils in (b) and (c) are experimental recoils generated by ion impact.
The (vy,vz) reconstruction in …gure 6.8a deviates from the expected perfect circle.
This is because the reconstruction assumes a homogeneous extraction …eld whereas
the real …eld has focussing properties. A near perfect circle is however regained
by correcting the Y and Z dimension with a constant factor A (eq. 6.4).

X ! X ¢ A, Y ! Y ¢ A, Z ! Z
A

with 1.2< A <1.3 (6.4)

A can be found with SIMION and depends on the extraction …eld geometry. In
…gure 6.8c we merely illustrate that the (vy,vz) reconstruction really changes in
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practice with an alteration in the extraction …eld geometry.
Another concern in the reconstruction of the (vy,vz) velocity plane are the

already mentioned Na+
2 MOT-ions. Na+

2 MOT-ions arriving very early and very
late in time of ‡ight simulate recoils with very large positive and negative vz com-
ponents. We can remove MOT-ions from the raw data by cutting out a small (X,Y)
region around (0,0)) but only if we do not remove (too many) real recoils. However
when the recoils and the MOT-ions mix then we can correct for the MOT-ions in
the momentum plots. This is possible since MOT-ions have a ”momentum …nger-
print” (centered around plong=0 and stretched along the ptrans range) which can
be generated and subtracted from the combined recoils + MOT-ions momentum
plot. One can generate a MOT-ion momentum plot by running the recoil recon-
struction on a suitable time-of-‡ight interval containing only MOT-ions. An even
more subtle method, investigated but not yet used in this work, is to suppress the
MOT-ions experimentally by switching the trapping laser o¤ at suitable times so
that no MOT-ions arrive simultaneously with the true recoils.

Last, but not least, we have checked some of the systematical uncertainties
in the experimental momenta by performing measurements on the same collision
system with very di¤erent (within reason) extraction …elds. We found that re-
coil momentum spectra did not change unexpectedly, except perhaps regarding
resolution.

6.6 Resolution
The real resolution limits are discussed in the chapter 7, but here are already some
general remarks.

² The real detector resolution for plong can only be determined by performing
a benchmark measurement i.e. an experiment with a known plong spec-
trum. The ptrans resolution can basically only be optimized by looking at
the spherical symmetry in the (vy,vz) plot. If the ptrans distribution has
clear maximum at pmax 6= 0 a ring (donut) should appear in the (vy,vz)
distribution.

² A theoretical limitation is the initial momentum spread (temperature) of the
Na cloud. A 300 ¹K (»0.5 m/s) cloud gives a theoretical momentum limit
of 0.01 a.u.. This will not restrict our experiment.

² A more realistic, yet still theoretical longitudinal momentum limit for our
detector can easily be estimated: a separation between two recoil distribu-
tions of ¢X = 0.5 mm at the 2D detector and a time of ‡ight for these
distributions of T=50 ¹s will result in a plong resolution of ¢X=(T ¤ v0)
»0.2 a.u., where v0 is 52.8 m/s: This is also the typical resolution needed for
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experiments involving Na+ recoils. However in order to obtain 50 ¹s ‡ight-
ime very low extraction …elds have to be used and contact potentials or stray
…elds will start to in‡uence the resolution.

² A more practical resolution limitation is the choice which has to be made
between detector resolution and detector acceptance. By increasing the main
‡ight time of the recoils the momentum resolution will increase (a certain
¢plong;trans will result in a larger ¢(X; Y; Z)) and thus one can decrease
the in‡uence of the 2D detector resolution (0.2 mm). However, recoils with
large momenta in X,Y direction will fall outside the 2D detector range and
the experimental data set will be incomplete.

6.7 Outlook
Some suggestions for future improvements.

² The spectrometer should be modi…ed in such a way that spatial and time
focussing are optimal at the same extraction …eld geometry. This is pos-
sible by adjusting the length of the drift region and/or adding …eld de…ning
elements to the extraction region.

² The TDC system is under constant examination, both by us and by Roent-
dek. Improvements to the TDC detection scheme are currently being invest-
igated by using X1 as the common start, X2 plus cable delay as a stop (TDC
channel 1 is then directly the X direction), a delayed chopper signal as the
second stop (TDC channel 2 is then the inverted time of ‡ight ”3 ¹s-T ”),
and Y1, Y2 plus cable delays as stops three and four (TDC channel 3 minus
TDC channel 4 is then the Y direction). With this scheme the position res-
olution is independent of the time of ‡ight and moreover the TDC is now
only started if a real event has occurred. The latter improves the event rate
quite dramatically since the TDC is now no longer blocked or occupied by
starts which are not followed by the stops of an event. The best solution
would however probably be to use four ultrahigh resolution TDC’s just for
the 2D detection (with a MCP start) and a …fth TDC (only ns resolution
and >5 ¹s range) for the time of ‡ight (external start, MCP stop).

² Time of ‡ight resolution would greatly bene…t from a start derived from a
charge-changed projectile since these starts have a much smaller (»10 times)
timing uncertainty than the ion pulse start. Furthermore much less dc ion
beam intensity would be needed (up to 1000 times) since we do not loose
nearly all current in the ion pulsing process anymore. This would make
many more projectile species and energies accessible for our experiments,
which can only be produced at signi…cantly lower beam intensities.




