
PHYSICAL REVIEW A MARCH 1998VOLUME 57, NUMBER 3
Two-stage Rydberg charge exchange: An efficient method for production of antihydrogen
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An efficient method for production of cold antihydrogen (H)̄ is proposed. Alkali-metal atoms laser excited
to a Rydberg state are charge exchanged with cold trapped positrons, producing Rydberg states of positronium.
In a second Rydberg-state charge exchange, the positronium atoms give up their Rydberg positrons to cold
trapped antiprotons, producing Rydberg states of H.̄ These H̄atoms soon decay down to the ground state, and,
because they are cold, could be trapped in a magnetic trap. The efficiency of the process results from the
extremely large cross sections for Rydberg charge exchange. Classical trajectory Monte Carlo calculations
indicate an H̄instantaneous production rate of 106/s. @S1050-2947~98!07602-1#

PACS number~s!: 36.10.2k, 34.60.1z, 34.70.1e
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Recent successes in trapping large numbers of cold a
protons (105 at 4.2 K! @1#, and even larger numbers of co
positrons~106, also at 4.2 K! @1,2#, provide the building

blocks for the production of cold antihydrogen H.̄ Several

methods for production of cold H̄from these building blocks
have been proposed@3#, but none has a very high efficienc

Cold H̄ production would allow for trapping H̄in a magnetic
trap, similar to that used to trap neutral hydrogen atoms@4#.

Spectroscopy on such trapped H¯could provide a strong tes
of CPT, as well as allowing for many precision tests of t
physics of antimatter@5#. We propose here an efficien
method using two stages of Rydberg-state charge exch

to produce cold H̄atoms from the cold trapped componen
Charge-exchange processes between slow ions and

berg atoms have extremely large cross sections. For a R
berg state with principal quantum numbern, the radius of the
atomic wave function is approximatelyn2a0, leading to a
geometric area ofn4pa0

2. Herea050.529310210 m is the
Bohr radius. For slow ions, charge-exchange cross sect
sCE are predicted to be approximately an order of magnitu
larger than these already large geometric areas@6#. Here
‘‘slow’’ refers to ion speedsv less thanve5ac/n, which is
the characteristic speed of the electron in its Rydberg or
wherea is the fine-structure constant andc is the speed of
light. The Rydberg charge-exchange process has been
ied extensively@6–9#. These experiments show large charg
exchange cross sections at low reduced velocityv/ve , with
cross sections dropping off very quickly forv/ve.1. The
experiments also show that the ion captures the electron
states that have a similar binding energy to that of the e
tron in the Rydberg target.

Calculations of Rydberg charge exchange have been d
@10,11# using the classical trajectory Monte Carlo~CTMC!
methods. In these calculations, the incoming ion, the ion
the core of the Rydberg atom, and the Rydberg electron
all treated as classical particles and their trajectories are
tained by integrating the Newtonian equations of motio
571050-2947/98/57~3!/1668~4!/$15.00
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The initial trajectory of the electron is taken to be a trajecto
consistent with the energy, total orbital angular momentu
and thez component of orbital angular momentum of th
Rydberg state of the target atom. The final trajectory of
electron is analyzed to determine whether it has been c
tured by the ion, and to determine its state from its fin
energy and angular momentum. The main features of
CTMC predictions agree quite well with experimental resu
@7,8#.

The present proposal is to create H¯via two sequential
Rydberg charge-exchange collisions as shown schematic
in Fig. 1. The first charge exchange is between a ther
beam of cesium~or other alkali! atom, which is laser excited
to a high-n Rydberg state and positrons that are trapped
cooled to 4 K. The product of this charge exchange is R
berg states of positronium~Ps!. When these Rydberg Ps a
oms collide with 4-K trapped antiprotons, a second cha
exchange occurs, producing Rydberg states of H.̄ The fol-
lowing paragraphs provide some details about the propo
scheme and present the CTMC calculations for the t
charge-exchange processes.

Cesium atoms can easily be excited to high-n Rydberg
states via a two- or three-step laser excitation. For exam
efficient three-step CW excitation is possible via diode-la

FIG. 1. A schematic of the dual-charge-exchange scheme

creating cold H̄.
1668 © 1998 The American Physical Society
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57 1669TWO-STAGE RYDBERG CHARGE EXCHANGE: AN . . .
excitation to 6p, followed by dye-laser excitation to 13d,
followed by a Stark-tuned CO2 laser excitation up to a high
n Rydberg state. Other excitation schemes are also poss
both in Cs and in other alkali-metal atoms. Rydberg sta
can easily be created in large densities. However, becau
their large cross sections, collisional and radiative effe
become important if the density is too high@12#. For n550
atoms, densities of up to 105 Rydberg atoms per cm3 should
lead to sufficiently small collisional effects, while still allow
ing for a very fast rate of charge exchange.

The radiative lifetimes of Rydberg atoms are very lon
especially for states with large orbital angular momentuml .
Rydberg atoms are extremely sensitive to electric and m
netic fields@12#, and the fields present near the traps will m
the l andm states within a particularn manifold. Ann state
that is an equal mixture of alll andm states has a radiativ
decay rate@13# of

1/t rad'
4

3
n25a5

mc2

\
@ ln~2n21!20.365#, ~1!

wherem is the reduced mass of the Rydberg electron. Tr
sitions induced by blackbody radiation, which are usua
important contributions to the lifetimes of Rydberg stat
are not a major concern here since the ambient tempera
near the Rydberg atoms would be 4 K, leading to
blackbody-radiation-induced transition rate@12# of 1/tBB
5 4

3 n22a3kBT/h5n2243104 s21. This rate is smaller than
the radiative decay rate forn’s of less than 100. For Cs with
a principal quantum numbernCs550, the radiative lifetime
of the statistically mixed state is 3.5 ms. During these 3.5
the thermal Cs atoms travel a distance of approximately 1
It is therefore possible to laser excite the Rydberg atoms
location well separated from the trapped positrons.

Because of the weak binding of the Rydberg electron
the core of the atom, relatively small electric fields of

ESI5n24S m

me
D 2

33108 V/cm ~2!

are sufficient@12# to Stark ionize the atom. Thus the field
along the Cs beam for annCs550 state must be smaller tha
50 V/cm.

The scaling ofESI , t rad, and sCE with n are the main
considerations for the choice ofnCs. A plot showing these
scalings is given in Fig. 2.

The Cs atoms are traveling at a speedvCs of approxi-
mately 300 m/s, thee1 has a speedv of approximately
11 000 m/s as given by the Maxwellian distribution for 4
and an n550 electron has a characteristic speedve of
(m/me)ac/50544 000 m/s. Thus, the collision between t
Cs Rydberg atom and the cold trappede1 has a reduced
velocity v/ve of less than 1. Our CTMC calculations sho
that the charge-exchange cross sectionsCse1 for this process
~averaged over the Maxwellian distribution speed distrib
tion for the 4-K positrons! is 9.7nCs

4 pa0
2 , or 531029 cm2

for nCs550. This calculation assumes the Cs atom is in
l 52,m51 state. Both experiment and CTMC theory@7#
show that cross sections do not vary by more than factor
about 2 for differentl ’s andm’s, so any othern550 state
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could also be used. Because thee1 is in a trap, the charge
exchange is likely to occur in electric and magnetic field
Theory and experiment@9,10,14# show that the presence o
fields does not greatly affect charge-exchange cross sect

The large predicted cross section, along with a Cs R
berg beam of densityrRyd of 105/cm3 leads to a character
istic time (rRydsCse1 v)2152 ms for ae1 to capture an
nCs550 Rydberg electron.~Note that since the positrons ar
moving much faster than the cesium atoms, it is the posit
speed, rather than the cesium speed that determines the
acteristic time.! The small value of this characteristic tim
indicates the fast rate of this process, but the time is lo
enough to make a second charge-exchange collision unli
before the neutral Ps exits the trap. For a trap withNe1

5106 positrons, if the cross-sectional areaA of the trap vol-
ume is 0.1 cm2, there will bevCsrRydA533108 Rydberg
atoms entering the trap per s, or the required 106 Rydberg
atoms every 3 ms. Thus, after approximately 3 ms, the t
will be emptied of its positrons, all of them having captur
a Rydberg electron. In addition, almost every Rydberg at
that passed through the trap lost its electron to a posit
indicating a surprising result of a very high efficiency f
charge exchange. The net result is that only about 106 Ryd-
berg atoms need to be released into thee1 trap, a very small
quantity even in the extremely high vacuum (,5310217

Torr! used@15# in e1 and antiproton traps. Annihilation o
the positrons by the incident Cs atoms is not a concern
this small quantity of Cs.

The Rydberg Ps atoms exit thee1 trap isotropically since
the initial momenta of both the positrons and Cs Rydb
electrons are nearly isotropically distributed. The distributi
of Ps speedsvPs obtained from our CTMC calculations i
shown in Fig. 3~a!.

The final n states populated in the charge exchange~as
calculated using CTMC! is shown in Fig. 3~b!. Note that the
final-state distribution is sharply peaked nearnPs5nCs/A2.
Since the Ps binding energy isEPs52Ry/2nPs

2 , whereas the

FIG. 2. Parameters of importance for choice ofn for the dual-
charge-exchange process. The charge-exchange cross section~dot-
ted line! increases quickly withn, however, the higher-n states
Stark ionize at smaller fields~dashed line!, putting an upper limit on
the usablen’s. The lifetime in the presence of fields~solid line! is
important since it determines how far an atom travels in ann state.
Note they axis covers 9 decades.
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1670 57E. A. HESSELS, D. M. HOMAN, AND M. J. CAVAGNERO
Cs binding energy isECs52Ry/nCs
2 ~here Ry5 1

2 a2mec
2 is

the Rydberg constant!, nPs5nCs/A2 corresponds to the sam
binding energy before and after the charge exchange.

The lifetime of ann534 Rydberg Ps state~assuming
magnetic and electric fields mix alll andm states! is 1 ms
as given by Eq.~1!. The annihilation rate is not a concern fo
these Rydberg states since the overlap between thee2 elec-
tron ande1 wave functions is small for these large-siz
atoms. The Ps atoms are capable of traveling a distanc
meters without decaying out of the Rydberg state or ann
lating and thus can easily survive the distance between
e1 trap andp̄ trap.

Both electric and magnetic fields have large effects on
Rydberg Ps atoms. From Eq.~2!, dc electric fields of greate
than 1

4 nPs
2433108 V/cm will cause the Rydberg states

Stark ionize. FornPs534, this corresponds to a field of 5
V/cm. The motional electric field due to the relativistic tran
form ~even thoughvPs/c is typically 0.000 05! of a dc mag-
netic field that is transverse to the direction of the Ps mot
can also cause Stark ionization. For 4-K Ps, a transv
magnetic field of greater than 0.3 T would lead to Sta
ionization. Transverse fields of this size should be poss
even in traps with magnetic fields of several T by having
Ps travel parallel to the field~i.e., having the line from the
postron trap to the antiproton trap be aligned with the m
netic field @16#!.

For the second Rydberg charge exchange, the Ps is
eling at speeds of approximately 15 000 m/s, and the a
protons are moving with speeds given by a Maxwellian d
tribution for 4 K, typically 250 m/s. Thus, the relative spe

FIG. 3. The final Ps speeds~a! and n states~b! created in a
charge exchange betweenn550 Cs atoms and 4-K positrons.
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between the two is less than12 ac/34530 000 m/s and the
cross section for charge exchange is again expected t
large. Our CTMC calculations@17# give a charge-exchang
cross section~averaging over the incident speeds of the
atoms! of sPs p̄558nPs

4 pa0
2 .

Because of the 4p steradian distribution of the Rydber
Ps atoms, the efficiency of the dual-charge-exchange pro
is maximized when the distance between the trapped p
trons and the trapped antiprotons is minimized. If the d
tance between the two trapped species isd50.2 cm, the
fraction of Ps atoms that charge exchange withNp̄5105 an-
tiprotons is Np̄sPs p̄/(4pd2), which equals 1023 for nPs

534. With theNPs5106 Ps atoms created in the first charg
exchange, this implies a production ofNPsNp̄sPs p̄/(4pd2)

51000 cold H̄atoms. This number indicates that the tw
stage Rydberg charge exchange method is an efficient wa

produce H̄atoms. In fact with a Rydberg Cs density o

105/cm3, these 1000 H̄’s are created within a few ms, lead

ing to an H̄instantaneous production rate of almost 106/s.
It should be noted that antiprotons that do not charge

change remain trapped and so can be used again once the1

trap is reloaded. By repeated loadings of thee1 trap, it is
expected that a large fraction of the antiprotons can be c
verted into Rydberg states of H.̄

Because the antiprotons are more massive than the

atoms, the H̄continues to move in the direction and speed
the antiprotons. Thus, they exit the trap in an isotropic 4

Maxwellian distribution. The finaln states for these H̄atoms
is calculated using CTMC, averaging over the distribution
incoming Ps speeds given in Fig. 3~b!. The results of these
calculations are shown in Fig. 4. Note that the distribution
very narrow and is centered nearn545 for nCs550.

These Rydberg states will cascade back down to
ground state. The time for this cascade in the presenc
electric and magnetic fields is given by Eq.~1!, and the H̄
will decay out of then845 state in approximately 2 ms. I
this time, the H̄atoms travel a distance of about 50 cm
Those H̄atoms that are on the cold end of the Maxwelli
distribution will be the most probable for magnetic trappin
and these will have traveled a shorter distance. Note tha

FIG. 4. Final H̄n states created by the dual-charge-exchange
4-K positrons and antiprotons andnCs550.
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the trapped antiprotons were colder than 4 K this distance
would also be shorter. Rydberg states have very large
magnetism, and it might be possible to set up magnetic fie
that trap the Rydberg H̄atoms, or guide them towards
ground-state magnetic trap.

With the large number of cold H̄atoms predicted for this
two-stage Rydberg charge exchange method, it seems li
that it will be possible to magnetically trap some of them
et
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This would allow for precise spectroscopic studies of H¯and
could lead to precise tests of the physics of antimatter.

We are indebted to Keith MacAdam for helpful discu
sions during the course of this work. This research was s
ported by the Natural Sciences and Engineering Rese
Council of Canada, and by the Division of Chemical S
ences, Offices of Basic Energy Sciences, Office of Ene
Research, and U.S. Department of Energy.
A

.

,

.
ce
try

H.

el-

i-
p

@1# D. S. Hall and G. Gabrielse, Phys. Rev. Lett.77, 1962~1996!,
and references therein.

@2# L. Haarsma, K. Abdullah, and G. Gabrielse, Phys. Rev. L
75, 806 ~1995!.

@3# C. Zimmermann and T. W. Ha¨nsch, Nucl. Phys. A558, 625c
~1993!.

@4# H. F. Hess, G. P. Kochanski, J. M. Doyle, N. Masuhara,
Kleppner, and T. J. Greytak, Phys. Rev. Lett.59, 672 ~1987!;
C. Cesar, D. Fried, T. Killian, A. Polcyn, J. Sandberg, I. Yu,
Greytak, D. Kleppner, and J. Doyle,ibid. 77, 255 ~1996!.

@5# R. J. Hughes, Nucl. Phys. A558, 605 ~1993!.
@6# K. B. MacAdam, N. L. S. Martin, D. B. Smith, R. Rolfes, an

D. Richards, Phys. Rev. A34, 4661~1986!.
@7# K. B. MacAdam, J. C. Day, J. C. Aguilar, D. M. Homan, A. D

MacKellar, and M. J. Cavagnero, Phys. Rev. Lett.75, 1723
~1995!.

@8# B. D. DePaola, M.-T. Huang, S. Winecki, M. P. Sto¨ckli, and
Y. Kanai, Phys. Rev. A52, 2136~1995!.

@9# S. B. Hansen, T. Ehrenreich, E. Horsdal-Petersen, K. B. M
Adam, and L. J. Dube´, Phys. Rev. Lett.71, 1522~1993!.
t.

.

-

@10# J. Wang and R. E. Olson, Phys. Rev. Lett.72, 332 ~1993!; D.
M. Homan, M. J. Cavagnero, and D. A. Harmin, Phys. Rev.
50, R1965~1994!.

@11# S. Bradenbrink, E. Y. Sidky, Z. Roller-Lutz, H. Reihl, and H
O. Lutz, J. Phys. B30, L161 ~1997!.

@12# T. F. Gallagher,Rydberg Atoms~Cambridge University Press
New York, 1994!.

@13# E. S. Chang, Phys. Rev. A31, 495 ~1985!.
@14# K. B. MacAdam, D. M. Homan, O. P. Makarov, and O. P

Sorokina, inProceedings of the 14th International Conferen
on the Application of Accelerators in Research and Indus
~AIP Press, New York, 1997!.

@15# G. Gabrielse, X. Fei, L. A. Orozco, R. L. Tjoelker, J. Haas,
Kalinowsky, T. A. Trainor, and W. Kells, Phys. Rev. Lett.65,
1317 ~1990!.

@16# This is the configuration of the antiproton-positron trap dev
oped at Harvard@Gerald Gabrielse~private communication!#.

@17# The l 52, m51 state is used in our calculations. Again, ne
ther thel andm state used@7# nor the fields present in the tra
@9,10,14# are expected to have a large effect.


