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Pulsed field recombination
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The pulsed-field recombination scheme is used to recombine free electrons Withmkito produce neutral
Li atoms in a high Rydberg staten{180). The experimental conditions are similar to the conditions under
which antiprotons and positrons are recombined to produce cold antihydrogen. In the current experiments we
have trapped electrons in a Penning tr&~35 mT). Subsequently these electrons were recombined with
spatially separated Liions. The recorded efficiency is 2.0% versus 0.3% in previous experiments with atomic
ions. Several experiments and simulations were performed to study the dynamics of pulsed-field recombination

in more detail.
DOI: 10.1103/PhysRevA.64.033414 PACS nuntber32.80.Rm, 78.60-b, 79.70+q, 11.30.Er
[. INTRODUCTION order to compare a hydrogen atom with its complementary

atom: the antihydrogen atom. Precise comparisons are a test

Recombining a free electron and a free ion is not simplefor the CP T theorem that states that nature is invariant under
since a third body is required to take away the excess kinetithe combined operations of charge conjugation, parity con-
energy. Several recombination schemes are proposed, suglgation, and time reversB]. This means that every par-
as a three-body recombinatiph,2], dielectronic recombina- ticle state must have an antiparticle state with equal mass,
tion, which can be seen as an inverse Auger prof2s3, spin, and lifetime, but opposite magnetic moment, and
radiative recombination, and stimulated radiative recombinaeharge. Moreover, gravity experiments on neutral antimatter
tion [2,4]. Radiative recombination can be seen as the incan test the weak equivalence principdd which states that
verse of photoionization. These schemes have the disadvaa-particle behaves the same under the influence of gravity as
tage that high densities of charged particles at lowan antiparticle. Neutral antimatter is required for these ex-
temperatures are required, in order to achieve a sufficiemteriments since the smallest stray electric and magnetic
recombination rate. Another recombination scheme, that refields already strongly influence charged antimatter particles.
lies on charge exchange with positronium was suggested by With the technique of pulsed-field recombinatitPFR)
E. A. Hesselset al. [5]. This scheme is expected to yield a we have previously shown that it is possible to recombine
high recombination rate but so far this scheme is not realizeftee electrons and free atomicubidium) [6] or molecular
in practice. In this paper, we will present a detailed study of(Cgo) [7] ions in a controllable and efficient manner, and can
a novel, controllable, and efficient recombination scheman fact be seen as the inverse of pulsed-field ionization. From
[6,7]. these results and the supporting theory, it was concluded that

In Fig. 1, the pulsed-field recombinatigfFR scheme is PFR can be used to recombine any sort of ion with a free
sketched. An ion is situated in a static electric field and iselectron and that it could also be used for the production of
awaiting the electrons. The static electric field modifies theatomic antihydrogen. It was estimated that the PFR scheme
Coulomb potential such that a saddle point is credféid.  could produce 19-10° antihydrogen atoms in the already
1(a@)]. If an electron, pulsed out of the electron trap with arealized combined trap for particles of opposite sjgo].
well-defined kinetic energy, passes over the saddle point iMoreover, it was shown that PFR can be used as a tool to
the modified Coulomb potential, it will take a small, but not produce Rydberg states in complex molecul@$ where
negligible, amount of time to return to the saddle point andRydberg production by laser excitation fails. This opens up
escape from the iofFig. 1(a)]. If the static field is turned off the way for cation spectroscopy of complex molecules by the
[Fig. 1(b)] before the electron returns to the saddle point, ittechnique of photoinduced Rydberg ionizati@PIRI) [11]
will remain bound in a highly excited staf&ig. 1(c)]. In spectroscopy.
order to study PFR one needs electron pulses with a well- We report on experiments using “ordinary” matter to
defined controllable energy, free ions with little kinetic en- study the recombination dynamics of the PFR scheme. There
ergy, and the ability to quickly turn off the electric field in were four major motivations for performing these experi-
which the ions are situated. A Penning trap was used to traments. The first is that in a typical PFR experiment, one uses
the electrons, which confines a charged particle by the use dhe inertia of an ion(with respect to the small inertia of an
electric fields in combination with a magnetic field. The trapelectron to enable an electron to approach the ion in a static
will be discussed below in Sec. Il. electric field. One therefore might expect that a decrease in

Recombination of an antiproton and a positron into anthe efficiency is observed of the PFR scheme when one tries
antihydrogen atom would enable the first high-precisionto recombine free electrons to ions with less m@seh as a
comparison between neutral matter and antimatter. Thproton. To test if the PFR scheme could indeed be used to
ATRAP and ATHENA collaborations aCeRN have the presti- recombine lighter ions with free electrons we have used
gious goal to produce colth K) and trapped antimatter in lithium ions. Lithium, being 12 times lighter than rubidium
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We report on the detailed study of the recombination ef-
ficiency in a Penning trap configuration as a function of the

C
temperature of the electrons in the trap and as a function of
the storage time of the electrons in the trap. We also studied
if a magnetic field in the range of 10-60 mT changed the
recombination dynamics and the effect of a small residual

a
~—>
E /\
electric field after the recombination event. A theoretical de-
zZ

—e— rubidium: previous experiment scription using semiclassical calculations is presented. These
—o— fithium: this experiment semiclassical calculations give deeper insight into the states
that are being formed in the recombination process and are
used to probe the recombination dynamics not measurable by
experiment.

Il. SCHEME AND EFFICIENCY

In order to study PFR, one needs electron pulses with a
well defined and controllable energy, free ions with little
kinetic energy, and the ability to quickly turn off the electric
y —— field in which the ions are situated. The electron trap con-
10 -8 6 4 -2 0 2 4 6 8 10 figuration allowed us to produce-4 ns electron pulses.

closing pulse delay (ns) This was achieved by filling the electron trap with electrons
and then quickly opening the trap. In the current experi-

FIG. 1. Schematic representation of the pulsed field recombinaments, the electrons leaving the trap have a kinetic energy of
tion scheme(a) An ion awaits an electron in a static electric field, 1.5 eV and are decelerated by a static electric field of 3.0
which is decelerated and has its turning point at the pbhWhen  \v//cm, such that the electrons have their turning point at the
the electron is at the turning point, the electric field is quickly position of a lithium ion cloud. The time required for the
(~1 ns) turned off(c) If the field is turned off during the tuming  ejectron to travel from the saddle point, to the lithium nuclei,
of the electron, a bound state is formet~(180). (d) Experimen- g4 pack to the saddle point is about 1 ns for the fields and
tally observed efficiencynumber of recombined atoms divided by energies used in this experiment. This time is comparable to

the number of free ionsas a function of the delay of the quick turn the turn-off time of the static electric field (90%10% in
off. The open circles represent the data taken where we studie 8 n9. In Fig. 1d), the experimentally determined effi-

recombination of free electrons and lithium ions with the use of anciency (number of recombined rubidium atoms divided by

electron trap. The solid circles represent data from previous worl%h b ff ionsof thi h is depicted
[6] where we studied recombination of free electrons and rubidiun}uﬁcggrrpoﬂhz d(ra?aeylgf fr?e falsst ﬁgldetmu(ran lzﬁ ?I'Ff):i(;edelg)sl g

lons in a trapless geometry. with respect to the time when the free electron has its turning
resembles much more a proton, although it is still 7 timegpoint in the electric field. Clearly, a maximum number of
heavier. The second motivation was that the previous experfecombination events is recorded at zero delay. A comparison
ments on PFR were performed in a geometry far differenwith the previous experiments with rubidium ions shows
from the geometry used byTRAP at CERN, where one will ~ clearly that the efficiency (3:010° [6]) has gone up by
study recombination ofrapped positrons andrappedanti-  almost an order of magnitude (%0 ?) and that the elec-
protons in Penning trapbl2,13. In the previous experi- tron pulses are much shorter. The increase in efficiency is
ments, we produced electron pulses with a well-defined kimainly due to the fact that the electron pulses are shorter in
netic energy by photoionizing Li atoms in a static electrictime (from 11 ns[6] to 3.8 ng and that we had better control
field by means of a narrow-band dye laser, instead of startingver the overlap volume of the ion cloud and the volume of
out from trapped electrons. Thus, in order to show that théhe electron pulses. We achieved the highest effici¢6ey)

PFR scheme can indeed be used in the geomettgrtwe SO far when we used the PFR scheme to recombine free
have built an electron trap. A third motivation was to inves-€lectrons with free ionic carbon clusters in a trapless envi-
tigate what the effect is on a different total quantum defect ofonment{7]. Note that the results of Fig(d) show that PFR

the recombined atoms on the recombination dynamics. It wagan be used in geometry of trapped electrons and light ions.
stated 6] that PFR can be used to recombine any sort of ion
with a free electron. Lithium has a total quantum defect of
0.452 (uy=0.4, ©;=0.05, u,=0.002) and rubidium a to-
tal quantum defect of 7.15 u(;=3.13, u1=2.65, us Our Penning trap consists of two stainless-steel parallel
=1.35, u3=0.02), a comparison of the previous experi- capacitor plategthickness 1.0 mmof 30.0 mm in diameter
ments in rubidium with the current experiments in lithium and two stainless-steel ring electrodgSickness 0.5 mm
could reveal a dependence of the recombination dynamicgith an outer diameter of 30.0 mm and an inner diameter of
on the total value of the quantum defect. The last motivat4.0 mm[Fig. 2(a)]. The two parallel capacitor platéslec-

ion was to increase the recombination efficiency of thetrode 1 and #are separated by 5.0 mm and a hole of 10.0
PFR scheme. mm was drilled through them covered by a grid, so that

efficiency
(No. of recombinations/No. of ions})

IIl. EXPERIMENTAL REALIZATION
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FIG. 2. (a) Schematic representation of the Penning trap,
sisting of two flat capacitor plates and two ring electrodes. Th

con-
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electrons could pass through these plates, but the plates still
behave as flat capacitor plates. The two-ring electrodes were
placed in between the parallel capacitor platelectrode 2
and 3. The ring electrodes are separated from each other by
2.0 mm and each ring electrode was separated by 1.0 mm
from the closest flat capacitor plate. A potential well was
created in thez direction for electrons if the two parallel
capacitor plates were biased with a negative voltage and the
ring electrodes were biased with a higher voltage. In these
experiments, the parallel capacitor plates were biased by a
voltage of— 1.5 V and the ring electrodes were biased in the
range of 0.0 to—0.40 V. The minimum of the potential well
was right in between the two ring electrodes, as shown by
the sIMION potential calculation in Fig. ). However, the
electrons would still be able to escape the trap inhe
direction. To prevent the electrons from escaping the trap in
the x-y direction, a magnetic field of several tens of mT in
the z direction was used. We have usstiiON to calculate

the shape of the potential well on thexis in order to design

a plate configuration that produces as much as possible a
harmonic potential in order to mimic the conditions of the
ATRAP setup atCERN.

We filled the electron trap by photoionizing gas-phase
lithium atoms. A jet of these alkali atoms comes from a re-
sistively heated oven. The lithium atoms were ionized by
means of two synchronized dye lasers pumped by the second
harmonic of a Nd:YAG lase{532 nn), which produced laser
pulses of about 7 ns duration with a repetition rate of 10 Hz.
The first dye laser was used to excite theelectron to the
2p1o- 3 State in lithium(670.97 nm, 15QuJ) and the sec-
ond dye laseftunable from 346-350 nm, 1.8 mJ per pulse
was used to drive the transition from th@ 3tate into the
continuum. By connecting a fast-pulse generator on parallel
capacitor plate 4Fig. 3@)], the voltage could be switched
from —1.5V to +1.0 V within 1.0 ns on this plate. This
enabled us to empty the trap at any time and record the
electrons on @Micro Sphere Platedetector. Care was taken
for correct impedance matching of the pulse generator to the
electrode. In this way, the time dependence of the number of
electrons at any time after the filling of the trap could be
measured in a destructive walfig. 2(b)]. We were able to
fill the trap with about 7¢-2)x 10° electrons and the re-
corded lifetime was about 1.5 ms determined by the back-
ground pressure=f 10~ 8 Torr) in the vacuum chamber.

At 10.0 mm from the Penning trap plate configuration,
another ring electrode was placéglectrode 5, outer diam-
eter 30.0 mm, inner diameter 10.0 mmwhich was used as
the central electrode of an Einzel lens configuration. 10.0
mm after the Einzel lens again two parallel capacitor plates
(electrodes 6 and)#&vhere situated separated by 5.0 mm. A
hole of 10.0 mm was drilled through these parallel capacitor

Jlates covered by a grid to minimize distortions on the elec-

lifetime of this trap was measured to be 1.5 ms at a backgroundiC fi€ld in-between these parallel capacitor plates. In be-
pressure of- 10~ Torr. (b) The number of trapped electrons as a tWeen these parallel capacitor plates a homogeneous electric
function of the storage time. The lifetime was mainly affected by field was created of 3.0 V/cm. The first plate was connected
the background pressure. The minimum required magnetic field watp @ ramp generatoiAvtech, AvV-1000-G which could bias

12 mT and increasing the magnetic field beyond this value hardiyhe plate from—5.0 to +5.0 V and ramp the voltage at a
affected the lifetime of the tragic) Solid line: a calculation of the well-defined time from the bias voltage t610 or —10 V,
on-axis potential inside the Penning trap using SIMION, showingwith a controllable slew rat€10%—90% in 5 ns to 1 ms

the harmonicity of the potentidtiotted line: harmonic potential

This voltage ramp was required to perform selective-field
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: towards the Einzel lenpFig. 3(c)], guide the electrons to-
a electrons )Z%Z 1ons wards the two parallel capacitor plates so that they pass
\ / @ through the grid in the cathode plate of the two parallel ca-
........... y y % pacitor plates, and finally slow down the electrons by the
() @[ ( ) { static electric field such that they would turn around halfway
"""""" E] in between these parallel capacitor plate80 ns after the
trap was pulsed opeffig. 3(d)]. During the turning of the
4 3 4 2 6 1 electrons around the ion cloud, the voltage on the last capaci-
b -1.5eV tor plate is quickly decreased from 1.5V to typically
\é/ +0.1V to recombine the electrons with the free ions by
-0.75 eV means of the PFR scheme. A small static electric field is left
E over in this region of 200 mV/cm to ensure that any unre-
L +0.1 eV combined free electron is accelerated out of this region and
< /5.0 mm ><—— 100 mm —>< 5.0 mm > to prevent the effect of “trapping” the electrons in the attrac-
z tive potential of the ion cloud. For the volumes and densities
c 15eV used in the experiments, the electrons feel an attractive field
i of <50 mV/cm at the edge of these volumes. Such a low-
‘A \ 075 eV density plasma is therefore not stable when the ion region is
¥ ’ biased with an electric field of 200 mV/cm.
In between the parallel capacitor plates a second atomic
+0.1eV beam of lithium atoms was directed by means of a resistively
heated oven. Lithium ions were ionized either by using the
d 15eV same lasers to produce the electron pulses and aligning the
beams on the second atomic be&uoheme I: used for ex-
Lﬁ 075 eV periments were the electrons were §tored in. the Penning for
) times shorter than 500 hr by using a third dye laser
(scheme II: used for experiments were we studied the recom-
+0.1eV|  pination efficiency as a function of storage time of the elec-

trons in the trap pumped by the second harmonic of a
. i . . Nd:YAG laser, synchronized to the other two dye lasers. This
FIG. 3. (a) Experimental configuration. Twdmicro sphere laser producedy548.4 nm laser pulses Withyan energy of

plates detectors were used to record either electrons or ions. One

detector was placed on the left of plate 1 to measure the number & 10 mJ. The light was then frequency doubled in a potas-

trapped electrons in a destructive way. The other was placed on trdum dihydrogen phosphate crystal that resulted in a collin-
right of plate 7 to measure how much ions were created before th§&F beam of 548.4 nn(9 mJ) and 274.2 nm¢700 wJ).
recombination event and to measure electrons created from our rdNis collinear beam excited thep4state in lithium by means
combined atom detection scheme. The first four plates on the lefof the 274.2 nm light and then ionized lithium atoms by
hand side form the Penning trap. Note that grids are used to enab@iving the transition from this @ state into the continuum.
electrons to travel from one region to the other. The fifth plate isAll the laser beams were created such that their diameter was
used as an Einzel lens. In between plate 6 and 7, ions are awaitindg mm. Typically, we produced a cylindrically shaped ion
the electrons in a homogeneous electric field which could becloud containing~5000 ions, with a diameter of 2 mm and
quickly turned off by switching the voltage on plate 7. Plate 6 wasa length of 10 mm g;,,~1.6x 10° ions/cn?).

connected to ramp generator in order to perform selective field ion-
ization of the recombined atom&)—(d) Schematic representation
of the creati.on of electron pulses from the trap and their flight IV. EXPERIMENTAL RESULTS
towards the ions.

Timing is essential in a PFR experiment. This can be seen
ionization (SF1[14,15) in order to measure how many re- in Fig. 1(d): if we turn off the static electric field before the
combined atoms were created and in which Rydberg statelectrons reach the ions halfway between the parallel capaci-
(discussed below The last platéelectrode Ywas connected tor plates, the electrons will hardly be slowed down and will
to a fast pulse generat¢8RS DG53% ramping the voltage pass the ions without being recombined. If we turn off the
down from —1.5 V to any voltage in betweer 1.5 V and static electric field too late the electrons will turn around at
+1.0 V within 1.0 ns. Again, care was taken to match thethe ions but will gain kinetic energy again due to the static
impedance of the parallel capacitor plate to the output of thelectric field and will leave the ion region in the opposite
fast-pulse generator. The complete plate configurdtilg.  direction without being recombined. If we turn off the static
3(a)] was placed in the heart of 2 coilsuter diameter 12.5 electric field at the moment the electrons turn we record a
cm) in the Helmholtz configuration producing a tunable maximum recombination efficiency of 2.0%. From Figd)L
magnetic field of 0.0-64.0 mT. This set-up enabled us to firsthe time profile of the electrons is retrieved since a Gaussian
trap electron$Fig. 3(b)], then pulse the trap open so that the profile is recorded with a width of 3.8 ns. This means that
electrons acquired a well-defined kinetic energy and traveglectron pulses of 3.8 ns were created. The electron pulses
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are produced by pulsing open the electron trap in 0.8 ns, ant
therefore, one can expect that initially electron pulses are
created with a duration of 0.8 ns. The fact that the measurec
pulse duration is six times longer is mainly due to Coulomb
repulsion that results in an enlargement of the electron cloud _
The enlargement of the electron cloud is mainly restricted in 2
the z direction, since the presence of the magnetic field pre-;“g’
vents the cloud from enlarging up in directions perpendiculars
to thez axis. This, in turn, would result in different travelling
times towards the ions and therefore in an additional broad-
ening of the time duration of the electron pulses. Note that
the time duration of the electron pulses is much shorter thar
in the previous experiments where the electron pulse dura
tion was limited by the duration of the photoionizing laser delay (ns)
pmlsnesor(;elrotr;S)s.tudy the effect of the temperature of the FIG. 4_. The recombinatign efficiency as a function of the de_lay
trapped electrons in the trap on the recombination dynamic< e guick wrn off. The triangles represent data where we filled
I L %he trap with electrons with a well-defined transverse kinetic energy.
we have useq scheme | to produce the '°_”3[C cloud cohtalnlnghe circles represent data where we filled the trap with hot elec-
5(£2)x 17 ions in a volume_ 0f~7_9?< 1_0 cn®. The ion trons with a very ill-defined kinetic energgee text
cloud was produced in a static electric field of 3.0 V/cm 2 ns

after the electron trap was filled. We filled the electron trap . )
by ionizing the lithium atoms 74 cit above the ionization efficiency that cannot be fully attributed to the loss of elec-

limit resulting in 7(x3)x 10° trapped electrons with a ki- trons from our trap during longer waiting times. The behav-
netic energy of 0.9 meV~+100 K). At the instant the elec- ior of the recombination dynamics on different storage times
tron trap is filled, this kinetic energy results mainly in motion Was investigated by producing ions with scheme I1. In Fig. 5,
along thez direction since the polarization of the ionizing the normalized time-delay profile is plotted for two different
laser is along the electric field, and thus, electrons willStorage time¢500 ns and 50Qus) showing that these pro-
mainly be emitted along the axis. The bandwidth of the files are identical. The recorded e_fflmency for a storage time
ionizing laser was less than 0.2 ¢fy resulting in an addi- ©f 500 ns was 2'00/3 and for 5Qis it decreased to 0.7%. We
tional energy spread of less than 0.3 K. However, the noisg@'€asured a 5-10% loss of electronsoln the trap over the
generated from the pulse generators and voltage supplied0 xS waiting time, and thus, the 65% loss in efficiency
connected to the electrodes cannot be neglected arf@nnot be attributed to just electron loss from the trap, since
will have an effect on the temperature on the electron cloudn® number of recombined atoms scales linearly with the
(~10K). We also filled the trap by directing the number of electrons in a electron pulse. A possible explana-
348.0 nm beam on a metal plate so that high-kinetic energ}o" IS that heating effects of the electrons in the trap de-
(>1000 K) electrons with a large energy spread were cretrease the PFR efficiency, which will be discussed in more
ated in random directions and 3()x 10° electrons were detail below. , , , ,
trapped. Then 300 ns later the trap was pulsed open produc- A free electron is most likely to get recombined with the
ing 1.5(=0.1) eV electron pulses that traveled towards the
ions to be recombined. In Fig. 4, the efficiency as a function

0.0201—— 100 K
|—e— metal photo-
cathode

0.015

0.010 A

0.005 1

(No. of recombinations/No. of ions)

storage time:

of the time delay of the quick turn off is depicted for the 3 —e— 500 s
“cold” and “hot” photocathode electrons. Clearly it is seen > —5—0:6 s
that the highest efficiency was obtained for lower tempera-.g

®©

tures of the trapped electrons. The fact that the efficiency 8
increases for lower temperatures of the trapped electrons ca2
be understood as follows. Due to the low-energy spread.g
more electrons will have their turning point at the same time &
in the static electric field at the ion cloud, and thus, more 3
recombined atoms are produced with the same number oZ
ions. Moreover, if the kinetic energy in directions perpen-
dicular to thez axis decreases, the cyclotron orbit of the
electrons will decrease. As we will discuss below, this will =0 _ _ , _ \
increase the recombination efficiency. -6 -4 -2 0 2 4 6
One might expect that the storage time of the electrons in
the trap can influence the recombination dynamics, since the
motional behavior of the electron cloud in a trap is time  F|G. 5. The efficiency as a function for the delay of the quick
dependenf13] and also heating effects from external noiseturn off, for different storage times of the trapped electrons. The
on the plate electrodes can play a role. During the modesircles show the efficiency for a storage time of 508 and the
lifetime of 1.5 ms of our trap we have seen a decrease ifriangles show the efficiency for a storage time of 500 ns.

norma

delay (ns)
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PFR scheme when it is close to the nucleus with zero kinetic n=200 n=152 n=131

energy, but the coordinaté®r a certain fixed distance to the
ion) of the electron relative to the ion essentially do not play

a role. This means that it is not appropriate to characterize
PFR with a cross section as it is with most other recombina-

tion processes. Therefore, we introdud¢éd the concept of ?;’,
an interaction volume\(;,;) to describe the observed effi- <
ciency, which is the volume in space around the ion in which £
the electron has to be with a certain velocity to be recom- £
bined. A simple formula then predicts what thig,; should £
be 3

Nrec= PePionVover Vint s

0.0 ¢ . . : : ‘ : .
where N, is the number of recorded atomfl0 0.2 0.4 0.6 0.8 1.0
+(3)], peisthe electron density in the electron pulses, SFl field (V/cm)
is the ion density[ 6+ (2)x 10* cm 3], and V., is the
overlap volume of the electron cloud and the ion cloud. Thqec
size of Ve, is determined by the smallest cloud: the elec-
tron cloud. We thus obtain av/;,; on the order of
10 % cm™3. Such an interaction volume would correspond
to the space occupied by a Rydberg state aromisd 80.
This suggests that high-Rydberg states are produced aroumﬁ
n~ 180, by means of the PFR scheme. Below we discuss thi¥
interaction volume in more detail.

To verify this hypothesis, we used the technique of
selective-field ionizatioiSFI), to probe the bound-state dis-
tribution after the recombination event. Every bound state i
an atomic or molecular system has a static electric field a
sociated with it by which it will be ionized. A highly excited
state will be ionized by a relatively small electric field com-
pared to a more deeply bound state. The relation between t
value of the electric field at which field ionization classically
occurs and the principal quantum numberstate is (in

FIG. 6. The recorded state distribution by the technique of se-
tive field ionization. Note that indeed states are created around
n=180.

field after quick turn off. Similar states are produced, but we
se the highly excited states for stronger residual fields,
ich are unstable in the residual electric field.
We have also studied the effect of varying the magnetic-
field strength on the PFR dynamics. This parameter could be
varied over the range of 13 to 64 mT. For fields lower than
3 mT, the Penning trap would become unstable and the life-
St_ime of the trap was strongly reduced. In Figag three
different SFI traces are depicted for different magnetic fields.
In Fig. 8b), we plot the efficiency for various magnetic-field
rengths. For higher magnetic fields, we record more recom-
ined atoms. The increase in recombination efficiency can be
explained by two effects. First, if one takes into account that
the nonzero temperature of the electrons cloud introduces a

atomic unit$ . e . .
nonfinite velocity in directions perpendicular to tkeaxis
E\2 1 (transverse velociy This means that for increasing tempera-
(3 s W
static field:
There are deviations from this law depending how fast the —6—0.10 V/em
electric field is ramped relative to the atomic or molecular @ _;_8-§g z;zz

. >
dynamics, and the total value of the quantum defects of thec
atomic or molecular systefii4,15. If one ramps the static %
electric field in time and monitors at which time ionization £
occurs, one can deduce the bound-state distribution of arg
atomic or molecular system. Typically, we ramp the electric §
field with a slew rate of 1.70 V/cm pets, from 0.20to 5.0 =
V/cm. In Fig. 6, a SFI trace is depicted of the recombined
states when during the recombination event, the electric fielc
in the ion region is switched from 3.0t0 0.20 V/cmin 0.8 ns. /| _ & o .
The SFI detection started 1s after the recombination 45 02 04 06 08 10
event. Clearly, it is seen that we mainly produce states tha
are ionized by the lowest SFI fields. If we use Ef) to
determine which bound states we have produced, we indeed rg, 7. The recorded state distributions for different values of
observe that we are making Rydberg states with a principahe residual field after the recombination event. The open squares
quantum number arouna~ 180, in perfect agreement with represent data for a residual field of 100 mV/cm, the solid triangles
the principal quantum number we estimated from our obfor a residual field of 200 mV/cm, and the open circles for a re-
served efficiency and the;,,, deduced from it. In Fig. 7, we sidual field of 300 mV/cm. It is clearly seen that an increase of
show three SFI traces where we varied the residual electriesidual field results in field ionization of the highest bound states.

SFI Field (V/cm)
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much lower than the Rydberg frequency, the main effect is
= the motional electric field from the center of mass motion,
i which is negligibly small for the parameters in this experi-
8 ment.
2 Each individual electron trajectory is computed using a
B fourth-order Runge-Kutta algorithm with a variable time step
9 that depends on the distance of the electron from the ion,
g with a smaller time step asdecreases. Because of the long-
0.0 I :""j~~~l-w7. time propagations needed to obtain a theoretical SFI trace,
0.2 0.4 0.6 0.8 1.0 no attempt was made to incorporate physical approximations
SFI Field (V/cm) into the numerical method. There were betweef dftd 1¢
3.0 Rydberg periods for a typical run, which means the error in
25 b one Rydberg period needed to be held to much less than one
] T 3 2 part in 16.
R2.04 % 2 53 (3 s L) There are two issues involved in calculating the interac-
31_5_' tion volume:(1) the initial distribution of positions and mo-
© menta and?2) the time propagation. In order to calculate the
2107 interaction volume, the ion is fixed at the origin while the
®054 electron is taken to have completely random positions in
1 space and with Maxwellian distribution of velocities given
0.0 T T 1 by the temperature of the electrons. The time at which the
10 20 30 40 50 L . i . .
8 () electric field is ramped to zero is varied with a smaller time

spacing compared to the time scale of the recombination

phenomena {1 ns). The interaction volume is calculated

FIG. 8. (@ .Thef recorded state d'.smbunon?c‘ for d'ﬁer?m .Valuesffor each initial time of the electric field ramp using 2—-4
of the magnetic field strengths. An increase in recombination effi-

) . ; O thousand trajectories.
ciency is observed for higher magnetic field strengths.Recom- The onlv dependence on the ion was incorporated through
bination efficiency as a function of the magnetic field strength. an elastic gcat{)eringas was stated in Reff6]) erc)Jcedure for 9

. L alkali ions. For alkali atoms, the electron was elastically scat-
tures of the electron cloud, this transverse velocity increase$arad from its path for a pure Coulomb potential by changing
and thus, the cyclotron orbit increases. If the radius of thgne girection of the electron as it leaves the nucleus. The
cyclotron orbit .bc'acomes' comparable or'larger than the rad'”éhange was such to preserve the length of the Runge-Lenz
of Vint, the efficiency will decrease. This effect can be Sup~gcor, put to rotate it in the scattering plane by an amount
pressed if the value of the magnetic field is increased SINCEiven by 2 times the difference in quantum defects with
then th?locyclgtron_ orbit _ is reduced. The_ radius Ofangular momentumy, . 1 — w,, for the angular momentum
Vine (1077°Cm™) is  typically ~several micrometers ¢ e incoming electron. Because the electron scattered from
(3 pm). The rad|us.0f the cyclotron orbit of the electrons o cleus several times between the time of capture and the
can be estimated by;= y2kTm'eBand is also 3umifthe  gf field, the details of the scattering did not affect the cal-

transverse kinetic energy is 10 K in a field of 25 mT. Thecyjation. It was only necessary that the scattering angle be of
second effect increasing the efficiency can be that a strong%ugmy the correct size. However, it was absolutely neces-
magnetic field guides the electrons better to the ions so th%tary to include some scattering for the calculations in very
the number of electrons arriving at the ion cloud increases.yeak magnetic field$10—40 gauss The reason is that the
classical motion separatesrfa H atom in a uniform electric
V. INTERACTION VOLUME field [14]..This means that the properties of the electron tra-
jectory will not change at all for H after the ramp down,
So far, we have discussed how the recombination effiwhich is not true for the alkali atoms; the quantum defects
ciency can be understood in terms of an interaction volumeause a scattering between Stark states localized up field and
that is an indication for the volume occupied by the createdstates localized down field and we mimic this effect in the
Rydberg state. Here, we discuss how a numerical estimate afassical calculation by the elastic-scattering mechanism.
Vint IS Obtained by classically solving Newton’s equations. The interaction volumes calculated using this classical
Given that the force is equal t6(t) =q[ E(t)+v(t)XB/c],  propagation gave result&alculated:V;,;=3x10 1% cm’)
one obtains an electron trajectory. The electric fidk) (s  close to the experimentally determined onesperiment:
the superposition of the Coulomb potential of the ions andv;,;~10"1° cm®). Although this agreement was promising,
external fieldv is the velocity of the electrons, aglis the  this is a single number and we felt that it was necessary to
magnetic field. We take the external field to be in théi-  compare the experiment and calculation at a more detailed
rection so the force on the electron is in the negatidirec-  level to assure that the classical calculations were capturing
tion. The motion of the ion is neglected in this formulation the main features of the experiment. In order to do this, we
and this neglect is the only major approximation in the cal-directly compared the SFI signal from the experiment to that
culation; when the cyclotron frequency of the electron ismeasured in the calculation, resulting in very good agree-
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ment[6,7]. To this end, the calculations were extended in a 3
straightforward manner. The calculation of a trajectory was
performed as a single, very extended run. An electron’s ini-
tial condition was chosen consistent with those in the experi- __
ment. The calculation was then run using Newton’s equation’s
to propagate the electron from the starting point to when itg‘o
reached a point f0a.u. down potential from the ion; the 2
time it reached this point was taken to be the detection time. = ¢
. . . . .. > 14
During the run, the electric field had a time variation that a
matched the time variation in the real experiment. The elec-
tric field starts at the initial valuéypical value~3 V/cm)
and then is ramped dowtypical value~0.2 V/cm). After it 0 : : :
is ramped down, the electric field is held constant for a long 0.0 04 0.8
time (typical value~1 us) before being ramped at a con- time (ns)
stant rate for a long timétypical value~1 us). Any elec-
tron in the calculation that reaches the “detector” before the
SFl field is ramped at-1 s is not counted as captured. The
difficulty with the calculation was the long-time propaga-
tions that were needed to compute the SFI signal. The calcu’
lations were performed on a Beowulf cluster of ten Sun
workstations constructed in the Auburn University Physics s
Department; this simulation was ideally suited for a parallel
computer since it involved the results of many independent
calculations [electrons with different starting conditions
x(t=0), p(t=0)].

There were several general features of pulsed-field recom
bination that emerged from the calculation. One of the sur-
prising features was that the core electrons played no role ir
the capture step of the recombination. This can be under
stood, since the core is so small that, essentially, every elec- FIG. 9. () CalculatedV,,, for a 3 Vicm field ramped down to

tron missed '_t during the capture step..On the other hand,. t .2 VIcm over a time of 1/4 ns as a function of the time delay of the
core dramatically changed the SFI signal by redistributing.amn A smalleiv,, is calculated for longer delay times. The mark-
the electrons between up-potential and down-potential MOgrg 5 b and c are used b). (b) Calculated state distribution for
tion. Another interesting feature was that the SFI signal diditferent delay timesthe markers a, b, and ¢ correspond to the
not quantitatively predict the energy distribution of the cap-markers in(a). Each curve is normalized to give the correct relative
tured electrons; the shape of the SFI signal was mor@ecombination volumeE/|E,, is the energy of the state divided
strongly determined by the distribution of the Runge-Lenzby the classical ionization limit in a field of 200 mV/cnE(,
vectors of the captured electrons at the start of the SFI ramp 2,/F=1.25<1075 a.u.). Open dots: delay time—0.030 ns.
because the field ramp was fast compared to the time beSolid line: delay time =0.075 ns. Solid dots: delay time
tween elastic scattering of the electron at the core. Finally=0.300 ns.
the captured electrons were predominantly in states that were
localized up potential just after the electric field was rampednental parameters, the conclusions and the following discus-
down; the reason for this is that energy can be removed mosion do not greatly change while it facilitates the calculation
efficiently from the electron plus ion system if the electron isand the interpretation of the results.
on the up-potential side of the ion while the field is being In Fig. Ya), we show how the reaction volume depends
ramped down. One of the consequences of this is thatn the time delay of the electric-field ramp compared to
roughly half of the electrons are initially “captured” with an when an electron with zero energy would arrive at the ion in
energy higher than the classical ionization threshold in the staticfield; t=0. The width of the ramp is 1/4 ns. Note that
field. These electrons scatter into the down-potential directhere is no recombination if the ramp occurs at least 1/5 ns
tion and leave the ion before the SFI field can be ramped. before the electron reaches the atom. The peak interaction
In Figs. 9—-11, we show the results of calculations per-volume is at times slightly greater than 0 ns because the
formed for an initial field of 3 V/cm that is ramped down to electron needs to travel to the up-potential side of the atom to
0.2 V/em. The functional form of the time varying part of the have the most energy removed. It is perhaps surprising that
electric field is taken to be therfc(t/ty) during the ramp there is a substantial recombination for times much longer
down; the time width of the ramp is taken to be the durationthan both the ramp width and the time for a zero energy
to change from 90% of the initidt field to 10% of the initial  electron to travel from the saddle point around the nucleus
E field. In all of the calculations, the magnetic field is takenand back to the saddle point. This comes from the electrons
to be 0 T and the temperature of the electrons is taken to bthat have an energy only slightly larger than the initial
0 K. While this does not exactly match any of the experi-saddle-point energy. These electrons take a very long time to

N
1
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probabil
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b FIG. 11. The energy distribution of electrons recombined at any
] ' energy below the classical ionization threshold in a field of 200
~ 1.5 mV/cm. The distribution is obtained by integrating over all times of
: the ramp. The solid line is the energy distribution for a ramprate of
‘© 3Vin 3 ns. The dashed line is the energy distribution for a ramprate
% 1.0 of 3 Vin 1 ns. The dash-dotted line is for a ramprate of 3 V
® in 0.4 ns.
£
B
o i . . .
g B2 travel over the classical saddle point; thus, they are still near
& the ion when the field is ramped down.
. ' In Fig. 9b), we show how the energy distribution of the
2.0 1.5 -1.0 05 0.0 0.5 recombined electrons vary with the time delay of the
z coordinate (10° a.u.) electric-field ramp. The energy distribution shows an enor-
mous variation depending on the time delay of the ramp. For
e & this calculation, an electron is counted as having recombined
if it has not reached the detector within 50 ns after the end of
~ 0:87 the ramp. The electrons that recombine with energy greater
. than the classical ionization threshold Ey=2\F
‘© 0.6 =1.25x10 ° a.u., andF =200 mV/cm), will scatter from
P the alkali core and leave the atom before the SFI field starts
_’g 0.44 and will not be counted in the experiment; they are included
2 in this figure so that the initial distribution after the ramp is
8 presented in its entirety. The distribution at the early times
o 027 give energy distributions that are peaked near the classical
: ionization threshold in a field of 200 mV/cm. Roughly half
0.0 . - T - of the recombined electrons are at energies higher than the
1.5 1.0 0.5 0.0 0.5

, classical ionization threshold and will eventually elastically
z coordinate (10" a.u.) scatter from the core electrons and leave the ion. At later
times, the distribution is flatter and have smaller contribution

FIG. 10. (a) Dotted line: Coulomb potential. Solid line: modified from above the ionization threshold

Coulomb potential by an electric field of 200 mV/cfb) Contour . - - L .
plot of the energy of the recombined electron f@t the maximum Figure 1@a) depicts the potential of an ion in an electric

o . . field of 200 mV/cm(solid line) and zero fielddashed ling
recombination volume. The energy contodBsin units of |Eg) . . -

increase linearly from the contour nea= —0.7x 10° a.u. andp as a function of the qurdlnate. In Fig. 1), We. show the
=0. The parameterg andz refer to the initial values of the elec- energy of the r_e?omb'”ed el_ectron as a function of param-
tron trajectory.p is the initial distance of the electron from tize ~ ©l€rs characterizing the starting position. The parameter
axis andz is the turning point the electron would have had with no the initial distance of the electron from taexis andz is the
electric field ramp and no ion. The thick line shows the division turning point the electron would have had with no ramp and
between electrons that recombine with energy below the classicdl0 ion[which can be related to Fig. (#]. The rough size of
ionization threshold and those aboye). Contour plot of the recom-  the interaction volume can be estimated since the typical
bination probability(divided by to remove the dependence on the dimension is 180 a.u~0.5x10 3 cm; this gives a interac-
greater number of trajectories at fixgdl to any energy below the tion volume of roughly (0.5 10 % cm)®~10"1°cm?®. The
classical ionization threshold. The probability is obtained by inte-solid line marks the division between the final energy being
grating over all times of the ramp. The paramefeendz mean the  below the classical ionization threshol8<€E.;, for a field
same as ir(b). of 200 mV/cnm) and above the threshold; the electrons above

033414-9



C. WESDORP, F. ROBICHEAUX, AND L. D. NOORDAM PHYSICAL REVIEW &4 033414

the threshold will elastically scatter from the core electronsably, this result is not seen in the experiment because elec-
and leave the ion. Since the electrons do not reach the iotions that are recombined near the classical ionization thresh-
core during the recombination step, this energy distributiorpld are destroyed by nearby ions and passing electrons; if we
is independent of the ionic species. count the recombination by counting trajectories at a fixed

There are a number of features in Fig.(0that can be energy below the classical ionization threshold, then the cal-
understood at a qualitative level. For this discussion it isculated interaction volume decreases with increasing width
useful to remember that the force on the electron from thef the ramp.
external field is in the negativedirection. The electrons that
finish most deeply bound are on thkeaxis because these
electrons can be in the most attractive part of the coulomb
interaction when the field is ramped down. For the most part, The fact that pulsed field recombination works with light
the recombined electrons have a turning point at negative atoms with different quantum defects indicates that indeed
This is because the interaction of the electron with the ion iShe PFR scheme is universal and is a promising scheme to
in the positivez direction for most of the trajectory, which recombine an antiproton and a positron. We have recorded an
pulls the electron to more positive Hence, the electron efficiency of 2.0% and demonstrated that PFR can in prin-
needs to be launched such that it will have a turning poingiple be implemented in a configuration where the charged
short of the ion to be captured. This also explains why theyarticles are trapped and spatially separated. We have, how-
contours go from lower to higher values phsp increases; ever, not built an ion trap since the inertia of the i@mti-
the effect of the Coulomb interaction decreases with increasprotor) compared to the electrapositron is such that even
ing p, thus, the effect of the extra pull from the ion de- in the static fields used in a PFR experiménaximum field
creases, which means the value of the turning point shouldirength: 3 V/cm the ions have hardly moved during the
go towards the value without the ion: 0 a.u. recombination event£80 ns). Thus, one can load an ion

In Fig. 10(c), we show a plot of the probability for recom- trap, turn off the trapping potentials for 100 ns and turn them
bining on the ion(divided by to remove the dependence on back on again with hardly loosing any ions from the trap,
the greater number of trajectories with increasjngto any  while performing the PFR scheme during the 100 ns. An-
energy below the classical ionization threshold obtained byther reason for not building an ion trap is that an ion trap
averaging over all times for the ramp down. There is oneuses inhomogeneous fields. We would however like to use
interesting feature that was not apparent in previous graphfiomogeneougtime varying electric fields after the recom-
In this figure there is a small region with high-recombinationpination event to characterize in detail the recombined states
probability that starts near=—0.8x10° a.u. atp=0 and  we have produced.
curves up ap increases. This line gives the initial conditions  The recombination efficiency was shown to depend on the
for an electron to have slightly more energy than is needed t@ansverse temperature of the electron cloud and magnetic-
go over the Coulomb plus static field barrier and approachield strength where the highest efficiency was obtained for
close to the ion; an electron with this energy spends a longpw temperatures of the electron cloud and high magnetic-
time going over the barrier because its velocity is small at theield strengths. This was understood by the fact that a faster
top of the barrier and is thus near the atom when the field isransverse motion will lead to larger cyclotron orbits. If the
ramped down for any time of the ramp down. cyclotron orbit exceeds the interaction volume, the efficiency

In Fig. 11, we show the energy distribution of electronsof the PFR scheme becomes less. We observed a loss in
recombined to energies below the classical ionization threstefficiency for longer storage times of the trapped electrons
old as a function of the width of the ramped field. For this wethat is explained by electron loss and heating effects in the
average over all times for the ramp field. The width of thePenning trap.
ramps arer;=1/4 ns, r,=1 ns, andr;=3 ns. There are A more detailed description was given about the interac-
two features of interest. The energy distribution for the fastetion volume where we explained that the recombination
ramp rates have a larger energy fraction at the more deeplyrobability is highest when high-Rydberg states are created.
bound energies. This is what we expected since the amouRrom the achieved efficiency and the introdudgg, it was
of energy that can be removed from the electron is proporeoncluded that Rydberg states with a principal quantum
tional to the time integral o(t)*[dF/dt]. Therefore for a number ofn~180 are created and this was verified by mea-
faster field ramglargerdF/dt) there will be less chance that suring the state distribution. We have shown that the use of a
z(t) changes sign, which would give rise to a result thatresidual field gives control over the range of created Rydberg
partially cancels. The second feature is that the total interacstates.
tion volume is slightly larger for the slower ramp ratgise The presented paper can be related to a previous observa-
ratio of the calculated interaction volumes is: tion of recombination using pulsed electric fielf6]. In
Vint(71) :Vint(72) :Vint(73) =1:0.85:0.68); this result is these experiments unipolar “half-cycle” puls¢s7] were
counterintuitive and does not agree with experimental obsemsed to recombine a free electron with its parent ion: a
vations. The reason for the result in the calculation is that théroad-band shoitl.5 ps laser pulse was used to ionize cal-
slower ramp can be thought of as giving an initial field cium atoms and shortly~5 ps) after the ionizing pulse it
strength that is lower than the actual initial strength; sincevas recombined again by a unipolar “half cycle” pulse. In
the distance scales are proportional ta/A/ the effective the time domain, this process can be described as kicking the
decrease i gives slightly larger interaction volumes. Prob- electron back to its parent ion, while in the frequency do-

VI. DISCUSSION AND CONCLUSIONS
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main, it is a strong-field Raman transition between a virtualThis means that molecular ion spectroscopy can now be per-

state in the continuum with a relative long lifetime and aformed on species that were not accessible due to the failure

bound state. of producing a Rydberg state by laser excitation. During the
A last point worth noting is that to employ the PIRI tech- 500 us storage time one has the opportunity to cool molecu-

nique[11] for molecular ion spectroscopy one needs a Ryd{ar ions to the vibrational ground staftég].

berg state of a vibrationally cold molecule. In PIRI spectros-

copy, a core electronic transition is photoexcited in a
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