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Two-stage Rydberg charge exchange: An efficient method for production of antihydrogen
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An efficient method for production of cold antihydrogen)(id 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 lkese Hatoms 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 Hinstantaneous production rate of®16.[S1050-29408)07602-1

PACS numbds): 36.10—k, 34.60+z, 34.70+e

Recent successes in trapping large numbers of cold antiFhe initial trajectory of the electron is taken to be a trajectory
protons (16 at 4.2 K) [1], and even larger numbers of cold consistent with the energy, total orbital angular momentum,
positrons (10°, also at 4.2 K [1,2], provide the building and thez component of orbital angular momentum of the

blocks for the production of cold antihydrogen Several Rydberg state of the target atom. The final trajectory of the
] — o electron is analyzed to determine whether it has been cap-
methods for production of cold Ffom these building blocks e by the ion, and to determine its state from its final

have been propos€8], but none has a very high efficiency. energy and angular momentum. The main features of the
Cold H production would allow for trapping lih a magnetic CTMC predictions agree quite well with experimental results
trap, similar to that used to trap neutral hydrogen atpis  [7,8].

Spectroscopy on such trappedcduld provide a strong test ~ The present proposal is to createvif two sequential
of CPT, as well as allowing for many precision tests of the Rydberg charge-exchange collisions as shown schematically
physics of antimattef5]. We propose here an efficient in Fig. 1. The first charge exchange is between a thermal
method using two stages of Rydberg-state charge exchan#’@am of cesiuntor other alkal] atom, which is laser excited

0

to produce cold Hatoms from the cold trapped components. a highn Rydberg state and positrons that are trapped and

Charae-exchange processes between slow ions and R ooled to 4 K. The product of this charge exchange is Ryd-
9 g€ p : Y erg states of positroniurtPs. When these Rydberg Ps at-
berg atoms have extremely large cross sections. For a Ry

, 0 ) ms collide with 4-K trapped antiprotons, a second charge
berg state with principal quantum numberthe radius of the h ducina Rvdb tates oifke fol
atomic wave function is approximately’a,, leading to a exchange occurs, producing Rydberg states o ol

lowing paragraphs provide some details about the proposed

; 4_,2 _ —10 1 i
Bon raciue, For Slon Jons, charge.exchange cross sectiofIeMe and present the CTMC calculations for the- two
' : 9 g tharge-exchange processes.

ocg are predicted to be approximately an o_rder of magnitude Cesium atoms can easily be excited to higiRydberg
larger than these already large geometric ards Here states via a two- or three-step laser excitation. For example,

“slow” refers to ion speeds less tharv .= ac/n, which is . S . L
the characteristic speed of the electron in its Rydberg orbi ?fflment three-step CW excitation is possible via diode-laser

where « is the fine-structure constant aonds the speed of

light. The Rydberg charge-exchange process has been stud- e* (4K, trapped)

ied extensivelyf6—9]. These experiments show large charge- Cs  Cs (n=50)

exchange cross sections at low reduced velagity,, with >

cross sections dropping off very quickly fofv,>1. The gég i\l\ .

experiments also show that the ion captures the electron into Ps (n=35)

states that have a similar binding energy to that of the elec- Laser @5 (4K, trapped)

tron in the Rydberg target. sxerieten ’
Calculations of Rydberg charge exchange have been done cold H (nz45) i \

[10,17 using the classical trajectory Monte CaflGTMC) ;;r}

methods. In these calculations, the incoming ion, the ion at rad. decayf

the core of the Rydberg atom, and the Rydberg electron are
all treated as classical particles and their trajectories are ob- FIG. 1. A schematic of the dual-charge-exchange scheme for
tained by integrating the Newtonian equations of motion.creating cold H
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excitation to ¢, followed by dye-laser excitation to &3 10° g
followed by a Stark-tuned C@laser excitation up to a high- 108
n Rydberg state. Other excitation schemes are also possible, g
both in Cs and in other alkali-metal atoms. Rydberg states 107
can easily be created in large densities. However, because of 100 E
their large cross sections, collisional and radiative effects ] 055
become important if the density is too high2]. For n=50 E
atoms, densities of up to 2Rydberg atoms per cfshould 10%g ¢
lead to sufficiently small collisional effects, while still allow- 108 B/
ing for a very fast rate of charge exchange. E:
The radiative lifetimes of Rydberg atoms are very long, 0%
especially for states with large orbital angular momentim 10" E
Rydberg atoms are extremely sensitive to electric and mag- 100 b , , , ,
netic fields[12], and the fields present near the traps will mix 20 40 80 80 100
the/ andm states within a particular manifold. Ann state principal quantum number n

that is an equal mixture of al” andm states has a radiative

decay ratg13] of FIG. 2. Parameters of importance for choicenofor the dual-

charge-exchange process. The charge-exchange cross gection

4 s S,ucz ted line increases quickly witn, however, the highen states

N 3N 7a T[In(Zn— 1)-0.369, (1) stark ionize at smaller fieldglashed ling putting an upper limit on
the usablen’s. The lifetime in the presence of fieldsolid line) is

wherep is the reduced mass of the Rydberg electron. Tranimportant since it determines how far an atom travels im atate.
sitions induced by blackbody radiation, which are usuallyNOte they axis covers 9 decades.

important contributions to the lifetimes of Rydberg states,Could also be used. Because #i& is in a trap, the charge

are not a major concern here since the ambient temperatu(reexchan e is likely to occur in electric and magnetic fields
near the Rydberg atoms would be 4 K, leading to 9 y 9 '

o o e v (] o e JLe% 1 StpernelE 014 s vt v prsece o
=4n"2a%kgT/h=n"24x10* s~ 1. This rate is smaller than greatly 9 9 '

the radiative decay rate for's of less than 100. For Cs with ber-gjhgelgrrr?eofpéiﬂscitt;d crgfs Si5575::1%nl'ezg)sn?ovgtghzrgstgyd-
a principal quantum number-=50, the radiative lifetime istic time (pgyg0ceet UR)V£’1:2 ms for ae* to capture an
of the statistically mixed state is 3.5 ms. During these 3.5 ms.’ "~ ' d?)ygr Cseelectror(Note that since the positrons are
the thermal Cs atoms travel a distance of approximately 1 m,°S . y hf gt than th ; t 'tp' th it
It is therefore possible to laser excite the Rydberg atoms at groving much 1aster than the cesium atoms, I 1S e posiiron
location well separated from the trapped positrons. Speed, rather than the cesium speed that determines the char-

Because of the weak binding of the Rydberg electron toactenstlc time). The small value of this characteristic time

. e indicates the fast rate of this process, but the time is long
the core of the atom, relatively small electric fields of L .
enough to make a second charge-exchange collision unlikely

before the neutral Ps exits the trap. For a trap vt
= 10° positrons, if the cross-sectional ar&aof the trap vol-
ume is 0.1 ¢4, there will bevcpgryA=3x10° Rydberg
atoms entering the trap per s, or the required Rydberg
are sufficienf12] to Stark ionize the atom. Thus the fields atoms every 3 ms. Thus, after approximately 3 ms, the trap
along the Cs beam for ams= 50 state must be smaller than will be emptied of its positrons, all of them having captured
50 Vicm. a Rydberg electron. In addition, almost every Rydberg atom
The scaling ofEg,, 75q, andocg with n are the main that passed through the trap lost its electron to a positron,
considerations for the choice ofs. A plot showing these indicating a surprising result of a very high efficiency for
scalings is given in Fig. 2. charge exchange. The net result is that only aboGtRgd-
The Cs atoms are traveling at a spaeg, of approxi- berg atoms need to be released intodfigrap, a very small
mately 300 m/s, thee® has a speed of approximately quantity even in the extremely high vacuur%x 107
11 000 m/s as given by the Maxwellian distribution for 4 K, Torr) used[15] in e* and antiproton traps. Annihilation of
and ann=50 electron has a characteristic spegd of  the positrons by the incident Cs atoms is not a concern for
(u/mg) ac/50=44 000 m/s. Thus, the collision between the this small quantity of Cs.
Cs Rydberg atom and the cold trapped has a reduced The Rydberg Ps atoms exit tleé trap isotropically since
velocity v/v, of less than 1. Our CTMC calculations show the initial momenta of both the positrons and Cs Rydberg
that the charge-exchange cross sectigg.+ for this process electrons are nearly isotropically distributed. The distribution
(averaged over the Maxwellian distribution speed distribu-of Ps speeds ps obtained from our CTMC calculations is
tion for the 4-K positronsis 9.7¢gras, or 5x107° cn?  shown in Fig. 8a).
for nce="50. This calculation assumes the Cs atom is in an The finaln states populated in the charge exchatae
/=2m=1 state. Both experiment and CTMC thedr§] calculated using CTMLis shown in Fig. 8). Note that the
show that cross sections do not vary by more than factors dfnal-state distribution is sharply peaked negt=ncs/\/2.

about 2 for different’s andm’s, so any othen=50 state  Since the Ps binding energy = —Ry/ZnE,S, whereas the

Ll

2
Eg=n"* - 3x10° Vicm )

e
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42 .

> between the two is less thamc/34=30 000 m/s and the
Nmo cross section for charge exchange is again expected to be

5':1 ] large. Our CTMC calculationgl7] give a charge-exchange

b cross sectior(averaging over the incident speeds of the Ps

atomsg of ops,=58npgraj.
0 | |_| |_| ' 1. Because of thg # steradian distribution of the Rydberg
Ps atoms, the efficiency of the dual-charge-exchange process
20 25 30 35 40

is maximized when the distance between the trapped posi-
trons and the trapped antiprotons is minimized. If the dis-
tance between the two trapped specieslis0.2 cm, the
fraction of Ps atoms that charge exchange W= 10° an-
tiprotons is Npopsp/ (4md?), which equals 10° for npg

Cs binding energy i€ .= —Ry/n%s (here Ry= 2 a?m.c? is =34. With theNps=10° Ps atoms created in the first charge

. . . . . 2
the Rydberg constanmps=ncs/ /2 corresponds to the same exchange, ”E implies a_prOdUCt'on.Nf’_J\lF’UPS;/(A'Wd )
binding energy before and after the charge exchange. =1000 cold Hatoms. This number indicates that the two-
The lifetime of ann=34 Rydberg Ps statéassuming Stage Rydberg charge exchange method is an efficient way to
magnetic and electric fields mix afl andm state$is 1 ms  produce Hatoms. In fact with a Rydberg Cs density of

as given by Eq(1). The annihilation rate is not a concern for 10°/cn?, these 1000 K are created within a few ms, lead-
these Rydberg states since the overlap betweerthelec- . — .
ing to an Hinstantaneous production rate of almosf/s0

tron ande™ wave functions is small for these large-sized .
atoms. The Ps atoms are capable of traveling a distance OL It should b_e noted that antiprotons that do nqt charge ex-
ange remain trapped and so can be used again oneé the

meters without decaying out of the Rydberg state or annihi"an’ , . o
lating and thus can easily survive the distance between th@P is reloaded. By repeated loadings of #he trap, it is
e* trap andp trap expected that a large fraction of the antiprotons can be con-

Both electric and magnetic fields have large effects on th¥€rted into Rydberg states of. H _
Rydberg Ps atoms. From E), dc electric fields of greater ~ Because the antiprotons are more massive than the Ps
than $n,23x 108 V/cm will cause the Rydberg states to atoms, the Hontinues to move in the direction and speed of
Stark ionize. Fomp= 34, this corresponds to a field of 50 the antiprotons. Thus, they exit the trap in an isotropic 4-K

V/cm. The motional electric field due to the relativistic trans- Maxwellian distribution. The finah states for these ltoms
form (even thoughvps/c is typically 0.000 0% of a dc mag- s calculated using CTMC, averaging over the distribution of
netic field that is transverse to the direction of the Ps motionncoming Ps speeds given in Fig(b3. The results of these

can also cause Stark ionization. For 4-K Ps, a transversgy|cylations are shown in Fig. 4. Note that the distribution is
magnetic field of greater than 0.3 T would lead to Starkvery narrow and is centered neae 45 for nee=50.

ionization. Transverse fields of this size should be possible These Rydberg states will cascade back down to the
even in traps with magnetic fields of several T by having theyroynd state. The time for this cascade in the presence of

Ps travel parallel to the fieléi.e., having the line from the . L L —
postron trap to the antiproton trap be aligned with the mag_el_ectrlc and magnet|c.f|elds IS given by E(q')' and the H
netic field[16]). WI'|| dfecay outgf then=45 state |n' approximately 2 ms. In
For the second Rydberg charge exchange, the Ps is trafflis time, the Hatoms travel a distance of about 50 cm.
eling at speeds of approximately 15000 m/s, and the antiThose Hatoms that are on the cold end of the Maxwellian
protons are moving with speeds given by a Maxwellian dis-distribution will be the most probable for magnetic trapping,
tribution for 4 K, typically 250 m/s. Thus, the relative speed and these will have traveled a shorter distance. Note that if

positronium n

FIG. 3. The final Ps speeds) and n states(b) created in a
charge exchange betwear50 Cs atoms and 4-K positrons.
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the trapped antiprotons were colder rihé& K this distance ~This would allow for precise spectroscopic studies ofhtl
would also be shorter. Rydberg states have very large diacould lead to precise tests of the physics of antimatter.

magnetism, and it might be possible to set up magnetic fields We are indebted to Keith MacAdam for helpful discus-

that trap the Rydberg Hatoms, or guide them towards a gjons during the course of this work. This research was sup-
ground-state magnetic trap. ported by the Natural Sciences and Engineering Research

With the large number of cold ldtoms predicted for this Council of Canada, and by the Division of Chemical Sci-
two-stage Rydberg charge exchange method, it seems likegnces, Offices of Basic Energy Sciences, Office of Energy
that it will be possible to magnetically trap some of them. Research, and U.S. Department of Energy.
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