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ABSTRACT
The electron—ion capture rate for low electron emergies is calculated for

various electron velocity distributions. Capture rates for electron—ion recombi-
nation stimulated by irradiation with light are evaluated. The results are applied
to electron cooling and to positron-antiproton recombination to form‘antihydrogen.
It is shown that laser-induced capture is a powerful method to study the electron
cooling process and to maximize the antihydrogen rate. With this technique a
pulsed antihydrogen beam of selectable energy and well collimated with an intensity

of a few atoms per second can be anticipated.
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INTRODUCTION

The present paper is partly motivated by the fact that in the near future the
Low Energy Antiproton Ring (LEAR) [1] will come into operation at CERN. Electron
cooling will be an importanmt part of that facility [2]. Moreover, the availability
of a low energy antiproton beam may open up a possibility to produce, by radiative
capture, antihydrogen atoms for spectroscopic studies.

The radiative capture of an electrom by an ion
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is an important process in the electron cooling of ion beams [3,4]. The analog
reaction

P +et+ H+ hy

is the basic formation mechanism of antihydrogen.

Here we consider these processes in more detail with the idea of using them
as diagnostics for the investigation of electron cooling [2]. Furthermore we are
interested in the production of antihydrogen for precision experiments corres—
ponding to those performed on the hydrogen atom. A promising directionm for the
latter is to overlap a stored antiproton beam with a low-emittance beam of positrons
tuned to the same average velocity as the antiprotoms [5]. Since this is similar
to the electron cooling of a proton beam, all aspects of the antihydrogen formation
can be studied im this process.

The capture of an electron (positron) can be stimulated by irradiation with

light corresponding to a tramsition from the continuum intc a bound atomic state
p+e +hv—+H+ 2hy .

This opens up the possibility of studying in detail the cooling electron beam,
particularly its velocity distribution, of enhancing the antihydrogen production
rate, and of defining the final atomic state. OQur consideration can also be
applied to formation of other exotic atoms (e.g. pp, e*te”, p*te™, u™p, ...). In the
following, we recall the basic principles of electron cooling before calculating
the electron capture rates and we use our results for the application outlined

above.



ELECTRON COOLING

The electron cooling technique is used to reduce momentum spread, divergence,
and diameter of a stored ion beam (e.g. p, p, ...). This is achieved by overlap-
ping the ion beam over a certain length with a cold (i.e. monochromatic and low-
emittance) electron beam of the same average velocity v* = B*c (Fig. 1). The beams
of particles with mass m can be characterized by temperatures T coxresponding to
theix velocity spreads 4 = V2T/m in the coordinate system that is moving with the
velocity v*., (For the sake of simplicity, we put the Boltzmann constant k equal
to one throughout the text and give the temperature in units of energy.)

In non-relativistic electron cooling electrons are gemerated by thermal emis-
sion from a hot cathode., Hence, they have a Maxwell velocity distribution whose
width is given by the cathode temperature (typically T = 0.12 eV). The electrons
are accelerated electrostatically to the desired emergy (velocity). For sufficient
high-voltage stability the longitudinal velocity spread as observed in the moving
frame shrinks, while the trénsverse velocity spread remains unchanged. This situ-
ation is called flattened velocity distribution. The electrom beam from cathode
to collector is kept in a longitudinal solenoidal magnetic field to prevent the
beam from blowing up on account of space-charge effects and in order to transform
lateral electron movements (characterized by the transverse velocity) into eyclo-
tron rotations about a magnetic-field line. The latter has the important conse-
quence of effectively freezing the transverse electron motion, which leads to an
enhancement of the cooling of small perturbations [6].

The cooling process can be understood as a heat exchange between the cold
electron and the hot proton beam. When thermal equilibrium is reached the average
velocity spread of the electrons Ae and of the ions Ai in the moving frame are
related by Ai = Vﬁ?ﬁ; Ae, with m and m, being the mass of the electron and the ion,
respectively. The mean relative velocity between electrons and ions is hence mainly
determined by the electron velocity spread in that frame. The ions can be considered
to be at rest im the electron gas. The electrons are populating a continuum band of

width Te = (m/2) A; just above the iomization threshold of the iom (Fig. 2). Under
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these conditions the electron—capture cross—section is large. 1In the case of pro-
tons, hydrogen atoms emerge from the cooling section and leave the storage ring
tangentially (Fig. 1). This neutral beam contains a large amount of informatiomn
about the proton— and electron-beam properties (e.g. temperature and alignment of

the beams). 1In the following we calculate the formation rate.

SPONTANEOUS CAPTURE

The cross—sections for electron capture from the continuum into low-lying
Coulomb bound states of hydrogen—like systems were calculated a long time ago [7].
For the final states of main quantum number m = 1, 2, 3 they are given in the
Appendix and plotted in Fig. 3.

For low emergies (Ee << E,) the expressions for the cross—sections reduce

to [7]:

E, By _
oy = 1.56 7% o x] g = 1.676 x 1072% =— [e’],
e e
0, = 0.550, , Upg = 0.150; , Opp = 0.47, , (L
g, = 0.38q, , O, = 0.050, , O’sp = 0.1530, , 0,9 = 0.1770, ,
where
E, = kinetic energy of the electroms
E, = binding energy of the lowest atomic state (= Y% Mce?z20?)
Ao = h/mc = 3.86 x 107'! em = Compton wavelength of the electron
o = fine-structure constant.

Alsc shown in Fig. 3 are the curves for the less accurate cross-section as

derived by Bethe and Salpeter [8], which is analytically given for all n by:

2
Eﬂ

(2)

g, = 1.96 1% o i .
2

nEe(E0-+n Ee)

As seen from Fig. 3, Eq. (2) agrees in the vicinity of E_ = E, with the full

cross—section given by Stobbe [7]. At low energies, however, they differ by a

factor of 0.8 for n = 1, by 0.88 for n = 2, and by 0.91 for n = 3.
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Some important facts should be noted:
i) For high electron energies (Ee > E,) preferentially low Coulomb states are
formed.
ii) In the low-energy region, the capture cross—section increases for decreasing
2

energies as v; . For radiative capture of electroms by protons one gets

from Eq. (1):

vio, = K, = 8.92 [mb]-c’ , with K; = 1.56 7% o AZ ¢’ 2, /mc? (3a)

and from Eq. (2):
KI
. 2 .2 2
lim v20 = K! = — = ll4—2--[me c? , with K} = 1.96 7° a xy cf 2Eq/me® . (3b)
e n n n
v >0
e
iii) For n < 3 the population of states with high angular momentum % is suppressed
at high and favoured at low energies (as can be seen from Fig. 3).
iv) As shown recently (see, for imstance, [9]), the population of % sublevels
reaches, for low energies and m > 3, a maximum at intermediate £ values and

then falls off rapidly.

. . s
For a given electron velocity v, the total spontaneous capture rate r pon per
ion (at rest) is
o]
spon _ z:
T n, v, o (v,) (4)
n=1

(where o = number of electroms per unit volume}; it diverges for zero velocity.
In general, electrons and ions can have particular velocity distributions. Then
the capture cross-section has to be averaged with a normalized distribution func-
- -+ - -
tion f(ve - vi). In our case, however, Vv, >> v, and the total capture rate is

then

o0
.
rSpon RPN j.z:f($e)vegn(ve) d3ve = RSy s (5)
1

where oL ig the recombination coefficient. We comsider in the following a Maxwell
distribution of the form

Vi L

> -+ >
f(v) = . ff(v)d3 =1, 6
€ AR /T € Ve ©
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where 1 denotes the velocity component along a given axis and L the projection of
the velocity in the plane perpendicular to it. This form is chosen in oxrder to
allow for different temperatures T, and T, in the longitudinal and transverse direc-

tions. 1In this case the capture rate is

v2
£SPon _ v (v )v dv, do eEp | — —-——l sin 8 d6 . (7)
L‘.Am/_ aZ A%

. . 2 _ .2 a2 _ _ -
Integrating over ¢ and using v, = v, sin 6, v, = ve cos &, x = cos O, we obtain

2
PR o dv v U(V )v ve/A dx exp | -x%v -L . €:)]
AA"/-Z[ (Aﬁ Ai]

0

By introducing the error function

z o
2 E : 2n+l
erf (z) .—_._g... e u =£. ..z...._ (9)
= T n+1
0 n=¢

defining z and u as

1 1
z =V, 1/—;'“ — > u= Xz , . (10)
AV A%

this can be written as

[+a] oo
2n )
LSPon e dv. vao (v )v¢ e ve/hY erf (z) ] D
AZA e en e e z -
Kl |
1 [+

For a spherical distribution (A, = 4,, z = 0) this results [by observing

lim exrf (z)/z = 2/v/1 for z - 0] in:

[+9] [e9)
2n _Z Al
Spon _ e 2 dv_ v o (v vl e velbi (12)
s A% Jm
1 0

while for 2 flattened distribution [A, << A, zs= ve/A", erf (ve/A") % 1] one finds:

a0 [+4]
Zn w2 a2
ocpen & % f dv_ a0 (v )v® e ve/b) . (13)
£ A2 e n e e
L
1 ¢
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Integration of Eqs. (12) and (13) is immediate for

2 = =
On(ve) vy const . Kn (1l4a)

(which is a good approximation for E; >> ane) and the partial capture rates are:

2n 2n rSPoR
pPom .2 Ly popon e Ty fm LT (14b)
5,0 A - ? f.,n A, 2 n? LSpon 2
8,1

With Eqs. (1) ome obtains, for spontaneous capture into specific final atomic states,

rspon:rspon:rspon:rspon:rspon:r5pon = 100:15:40:5:15:18 , (15
18 28 2p 35 3p 3d

independent of the shape of the velocity distribution for the low electrom energies
relevant here.

The total capture rate is calculated by evaluating the infinite sum in Eq. (11)
with the appropriate cross—sections On. This has been done by various authors
[10,11]. We quote here the results ;f Bell and Bell [11] who evaluated the inte-
gral for the spherical Maxwellian as well as for the flattened distribution. They
used essentially expression (2) for o but applied a correction to the infinite

sum over all n. Their results are

2n T E 2n
rSPoR =-B—"f--1~ K{ |0.43 + 0.48 3/;+—;—ln—i =2l (16)
s L ﬁ Eg m s

Zn fr E n
rSPo% = e—‘/ix{ 1.1240.278 sfLalintf - efig
2 E, 2 2

(17)

f A.L AJ. £ '

Here T, = (m/2) A% is the transverse electron emergy (temperature). As already
seen from (14b) the ground-state capture rate for a flattened distribution is a
factor of T/2 higher than for a spherical distribution. The terms in the brackets
result from the evaluation of the infinite sum and account for the electron cap-
ture into higher atomic levels. Their numerical values for T, = 0.2 eV are 2.54

(3.23) for a spherical (flattenmed) distribution, hence



R, = 2.54 K] , Ke = 3.23 Ki (T, =0.2evV) . (18)

This result indicates that in the case of a spherical (flattened) velocity distri-
bution approximately 40% (30%) of all captures populate the ground state when the

electrons have a transverse temperature of T, = 0.2 eV,

COMPARISON WITH ELECTRON COOLING EXPERIMENTAL RESULTS

The calculations so far have been referring to the ion rest frame. To obtain
the recombination rate per ion in the laboratory system the results have to be
divided by Y*2 = 1/(1-8%2). 1In electron cooling the electron beam overlaps with
the ion beam only over a fraction n of the storage-ring circumference. Hence the

total recombination rate for Ni circulating ions is

R = £5PO" Ly | (19)
k2 1

In electron cooling experiments at Novosibirsk [12] a recombination coefficient
o [see definition (5)] of 2.26 x 107'? cm® s™! was found [13]. Independent
measurements point to a transverse temperature of about 0.2 eV in these experi-

ments. Using this value we find [Eqs. (16}, (17)]:

for a flattened distributiom: ai 2.2 x 10742 cm® g7F (20}

1.14 x 10=%2 cm® 7% . (21)

for a spherical distribution: ai

Hence the experimental result from Novosibirsk is in agreement with the assumption
of a flattened distribution for a transverse temperature T, = 0.2 eV, which is
reasconable in view of the experimemtal conditions as analysed in Ref. 12. More~-
over the ICE results [4] are in good agreement with the recombination rate obtained

for a flattened distribution.

LASER-INDUCED CAPTURE

Electron capture can be enhanced through the presence of electromagnetic
radiation via stimulated emission. Through spontaneous recombination all atomic

levels are populated and electrons of any velocity are involved. 1In stimulated
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capture, however, only atomic levels of the same main quantum number are reached
and only electrons within the velocity interval [v, - Av/2, v, + Av/2] can partici-

pate as imposed by energy conservation:

> (22)

where v is the frequency of the {(absorbed) emitted photon and Av is the combined

spectral width of the radiation field and the natural width of the bound atomic

state.
The ratic g of induced (Wlnd) to spontaneous (WSPOH) recombination probability

is

ind

=" = B
& wPon u(v) A’ (23)
where
_ P
u(v) = A (24)

is the spectral energy density of the radiation field of power P and photon beam
cross-section area F. The quantities A4 and B are the Einstein coefficients for

spontaneous and stimulated emission, respectively, which are related by

3
A=gn B g (25)
CS

From Eqs. (23), (24), and (25), one gets

2
g = —2E (26)
FAvemhv?

Another way to obtain Eq. (26) is by recalling that according to the basics of
radiation theory g = N(v), where N(v) is the number of photons per mode present

at frequency v. This N{v) is calculated as follows: for a laser power P the num-
ber of photons n,, in the interaction volume V ig n = PV/(cFhv). The number of
modes in V within the frequency interval Av is n = gwvviav/c®. By distributing

the available photoms equally over the available modes one gets
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EE Pe?
>
P PAVSThVR

in agreement with Eq. (26). Thus g is the enmhancement factor for induced capture
of electrons within the above-defined velocity interval into an atomic bound state
rind(ﬂv) compared to spontaneous capture of electrons out of the same interval into
the same atomic lewvel rzpon(Av). The total gain G, which is the ratio of induced
capture to all spontaneous captures, is hence obtained by multiplying g by the

ratio of spontaneous captures of electroms within the velocity interval to all

spontaneous captures:

r;nd(ﬂv) rzpon(&v)
6=~ Spen T spen 2N
P 5P

The total recombination rate is then

s
tot _ _spon

T (1+G) . (28)

rlnd(Av) is obtained by integrating in Egq. (11) only the term n of the infinite

sum over the proper velocity intexval:

VO "'AV/Z

Pe? 2ne

gmhv FAv A2A,

. 2 422
r;nd(ﬂv) = grSpon(Av) - -va /b7 35%551 . (29)

dv vo (v)vi e
n e en e e

v,=Av/2
In order to understand the dependence of G on vy and A,,A, we consider again the
two extreme cases of a spherical and a flattened velocity distribution and replace
On(ve)vz by its low-velocity limit K;. We further comsider Av << wvgy. Then the
integral in Eq. (29) can be replaced by the integrand at v, = v, multiplied by
Av = hAv/(mv,}. For a spherical distribution [using Eqs. (14), (16), and
erf(z)/z = 2/V/T| this results in

2 e—vﬁ/ﬂi K’

Pc ja
T K °?
=3

8myiF

¢ - (30)
S

L

For a flattened distribution one obtains in the same way [using Eqs. (l4), (17),

and z = ve/A”]:
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2 A2 et
G = Pcz E e vo /AJ- E& erf [EJ (31)
Eogmdr Yo oA R VAT

For v, < 4, Gf « A /b, since erf(v,/A,) = ZVO/(ﬁAu)- Comparing Eqs. (30) and

(31) one finds, moreover, that for v. < A,

0

-2 ___s
G, ==GC . (32)

This shows that a flattened velocity distribution of the electrons would consi-
derably enhance induced recombinmation if the radiation frequency was chosen such
that electrons with velocities less than A, are captured. Of course Gf does not
increase unlimitedly with decreasing &, since in this consideration the conditioms
Av << v, < A, have to be fulfilled. This means that the difference between the
energy of the laser light and the electron binding energy after capture ED/n2 has
to be smaller than T, and that the spectral width hAv of the optical transition is
much smaller than T,. In practice this is fulfilled, since electron beams can
hardly be frozen in the longitudinal temperature such that they could encounter

this limit.

NUMERICAL ESTIMATES FOR RECOMBINATION IN ELECTRON COOLING

Let us consider electron capture stimulated by irradiating the electron~ion
gas with a laser beam of suitable frequency. Using Eq. (22} to expresg Vv, bearing
in mind that K, = 2.54 KJ [Eq. (18)] holds for the typical value T, = 0.2 eV, and

putting Ké = K!/n [Eq. (3b)] we can rewrite Eq. (30) for v, << A,:

3
i e ) “Tl_ 2154 : (33
s cF E, +n2mv%/2 L L.

Thus again with T, = 0.2 eV and with a laser beam of intensity I = P/F, we obtain

for electron capture on protons into the n = 2 level (E, >> 2mvj):

G, = 0.4 1/ (MWrem™?) . (34)
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In electron cooling, flattened distributions with A /A, > 30 can be anticipated,
which increases the gain per MW of laser power for a flattened distribution and

vp < Ay to
G, 2 6 I/(QW en™?) . (35)

The useful laser power is, however, limited as we shall see in the following.

THE ROLE OF PHOTOIONIZATION AND FREE-FREE TRANSITIONS
IN INDUCED RADIATIVE CAPTURE

In the following two processes will be considered which could upset the con-
cept of enhancing radiative capture by stimulated emission.

7.1 Photoionization

If the electron has been captured by the proton into a bound state of a hydro-
gen atom in the presence of light, it may happen that the light immediately re-
ionizes the atom. It will turn out that this process puts an upper limit on the
laser power which should reasomably be applied. We shall give an estimate of this
limit.

The cross—sections for photoiomization Oph from hydrogen states n = 1 and

ph 2 1077 cm®. The

n = 2 are tabulated [7] and have a magnitude of the order of ¢
photoionization rate for ome hydrogen atom is

ZPB o goPl (36)

where ¢ = P/(Fhv) is the photon flux. If the atom is exposed to the light field

during a time T, the relation ZPhT = ¢UphT < 1 must hold and therefore ¢ has to be:

o < —

< (37)
TP

in order to ensure that the atom formed is not reionized again. With a value of
T of the order of a few nanoseconds (either determined by the lifetime of the

atomic state or by the laser pulse duration), say T = 3 ns, one gets

$ < 3.3 x 10%° photons cm 2 s7' (38)
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This maximum useful photon flux limits the radiation intensity I for transitions
to the n = 2 level (hv = 3.4 eV) to 18 Mi*cm 2. For the spherical distribution

we obtain from Eq. (34)
G = 7.2 . (39)

For a flattenmed distribution with A,/&, = 30 this would increase by a factor of 15
[see Eq. (32)]; hence

o = 110 (40)

seens feasible.

The limit for the useful photon f£lux, Eq. (38), and the corresponding useful
laser power density are well in the range of dye lasers pumped by modern excimer
lasers.

It should finally be noted that in the case of a relativistic beam (8% z 0.5)
relativistic corrections should be applied. For the precision we aim at in these
calculations those corrections have been neglected.

7.2 Free—free transitions

Another process to be comsidered is the following one: instead of inducing
a transition of the free electron imto a bound state the light could excite the
electron to a higher continuum state. The cross—section for a photon of energy hv
to be absorbed in such a free-free tramsition is given by an average over the

electron velocity distribution:
£f - £f > 3>
g (V) n jrc (ve,v)f(ve)d v, - {(41)
Following the discussion in Section 78 of [8], we use

2
O‘ff(ve’\)) =—.S...-.—-.%6, G%ZCZ Z_E.o_-_..l_ol (42)

amy? € mc? Ve V3

(see Eqs. 78.13, 78.11, 78.10 in Ref. 8), which should be accurate to within 20%
in our case (Ee << Eg, hv = E¢/n®, n = 2). By averaging as above (Section 3) and
multiplying (41) with the photon flux, we calculate the following rates of free-

free transitions for the spherical and flattened distributions:
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JEE _ Pe? 1 16m .o, 2B e, 1
s gmviF hv 33 ¢ me? bi v
(43)
£F _ . ff
e = n/2 L
These rates have to be compared with the rates for induced capture, r;nd = G %P91,

For the worst case of a spherical velocity distributiom, we obtain using Eq. {(30)

for (v << A}, and Eqs. (16) and (3b):

£5

T

- 167/(3V3) 1 /(hy) = 0.55 nT,/(hy) . (44)
r;“n 1.96 w2

This ratio equals 0.06 for n = 2 and T, = 0.2 eV. It is seen that photon absorp~
tion due to free—free tramsitions is less important than induced capture into
lower bound states thanks to the relatively low electron temperature, and can

still be neglected in our case.

INDUCED CAPTURE AS DIAGNOSTICS FOR ELECTRON COOLING

Owing to the large gain factor for induced capture and its simple dependence
on A and A , the observation of stimulated recombination provides an excellent
means to determine directly these important quantities in electron cooling. As is
obvious from Eqs. (30), (31) and (32), the effective transverse electron temperature
can be measured from the decreasing rate of G as a function of v;. The longitudinal
electron temperature can be determined from the plateau value of the gain for small
vy [Eq. (31)].

Experimentally this is realized by shooting a laser beam antiparallel to the
electron and ion beams into the cooling region. In this way advantage can be taken
of the fact that the laser light is shifted to a shorter wavelength in the electron-

ion rest frame owing to the Doppler effect:

= % 3
A= klab(1-+8 cos elab) Yro, (45)



- 14 -

where

elab is the angle between laser and electron (ion) beam.

The frequemcies can be matched by suitably adjusting 8. The electron velocity
distribution can be scanned by tuning the laser frequency, or by varying B* and
measuring the recombination rate during the laser pulse duration. Note in passing
that in this way the velocity of the ion beam can be measured very precisely. For
instance, for a cooled proton beam of 10'° particles circulating with g¥ = 0.47,

3, a transverse electron energy of T, = 0.2 eV, and

an electron density of 10° cm™
an overlap length of 2% of the ring circumference, we would expect a spontaneous

H-formation rate of [Eqs. (19) and (20)]:

Ry = 4 x 10" &7 .
Using a laéer of sufficient power we can achieve a gain of, let us say, G = 100
for induced capture in n = 2 levels. Assuming a laser pulse duration of 10 ns and

a repetition rate of 10 Hz, this results in a signal rate of about 0.4 s !, when

counting only during the laser-on period at a signal-to-noise ratio of G.

AFPPLICATION TO THE FORMATION OF ANTIHYDROGEN

This application has been discussed in an earlier paper [5] which also in-
cluded an estimate of the role that laser-induced radiative capture may play in
this context.

Antihydrogen would be the first antiatom ever produced. It would provide
-- by comparison with existing high-precision data on normal hydrogem -~ an oppor-—
tunity to investigate questions related to matter—antimatter symmetries, and would
allow in particular for tests of gquantum—electrodynamics in a system of bound
antiparticles. It would open up the possibility to study the interaction of hydro-
gen and antihydrogen atoms, a repeatedly discussed problem [14]. Furthermore,
since this system is electrically néutral, experiments may be conceived to test

the interaction of antimatter with the gravitational field.
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Basically two concepts have been developped in ES] for application in LEAR [lj.
They differ in the way the positron beam required for antihydrogem formation is
produced. One comsists in the following scheme (fig. 4): the highest possible
intensity of p is stored and cooled in LEAR (5 % 10'! §). Bursts of about 10° e,
of 25 ns length, are produced at a rate of 1 s™' by a 20 MeV linac. These pulses
are injected into an e* storage ring. There, the positrons are cooled by stochastic
cooling, decelerated to the interaction energy, and then further cooled by elecfron
cooling. In such a scheme positron densities of Ny = 200 cm™? can be expected at

a temperature of about 0.3 eV. We them apply (19) to calculate the total recombi-

nation rate Rﬁ‘ In the above scheme, 1 is about 0.06 and rzpon =1.73 x 1071°
[Eq. (16) for T, = 0.3 eV]. One gets (for vy = 1.15)
Ry = 4 Hs™' (46)

In this scheme a continuous beam of H is produced. The method of induced radiative
capture would not be applicable in this case, because, as discussed above, it re-
quires laser powers of the order of some MW which are only available during laser
pulses.

The second scheme discussed in [5] relies on the rapid progress taking place
in the techniques of positron thermalization and bunching ElS]. In these techniques,
use is made of the fact that positrons from a radiocactive source or a linac conver-—
sion target may be thermalized on metal surfaces. This may be applied to produce
cooled beams of positroms, which at the same time can be focused and bunched to
pulses of a few ns length. These thermalized positrons subsequently would be re-
accelerated to the energies required for the recombination with the antiprotoms in
LEAR. The reacceleration provides a flattened positrom velocity distribution. The
positron density in a bunch would be

Ne+

n
et BerF ?

where N_, is the number of positroms in the bunch and F its cross=-section. With

a repetition rate of f pulses per second, we get a mean positron density of

< f . (47)
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1

With N_y = 107, B=0.3, F=0.1 em?, n = 0.06, and £ = 100 s ' this gives

n+ = 1.1 em™®. 1In this case one gets [for ai =2.2 x 107'% em® s7!, see (20)]:

— = -1
RH = 0,06 H s .

So, even if the fairly optimistic assumptions concerning the developments in posi-
tron thermalization turn out to be foﬁnded, the production rate Rﬁ would be about
two orders of magnitude smaller than in the first scheme [see Eq. (46)]. However,
here the H are produced in bunches of a few ns length. This opens up the possibi-
lity to apply the techmique of laser-—induced radiative capture. As a matter of
fact, according to Eq. (40) this technique may just provide the missing two orders
of magnitude, making the second scheme competitive. The second scheme, moreover,

is more desirable, because the antihydrogen atoms would be produced in pulses at

a well-defined time, which considerably facilitates subsequent spectroscopic experi-
ments. The radiative capture, by the way, would already constitute in itself a

first spectroscopic experiment.

SUMMARY AND CONCLUSION

We first recalled the main aspects of spontaneocus electron—ion capture for a
spherical Maxwellian and a flattened electron velocity distribution. Theoretical
calculations are in good agreement with experimental data from electron cooling
experiments as far as available.

We have congidered the stimulation of electron capture on ioms by light and
calculated the enhancement with respect to spontaneous recombination. It was
shown that anm instantaneous increase of captures by some orders of magnitude can
be achieved during laser pulses. This increase depends strongly on the shape of
the electron velocity distribution.

These results were applied to the stimulated recombination of electrons and
protons in electron cooling, and it was shown that this technique provides a unique
tool to determine the longitudinal and transverse temperatures of a cooling electron

beam.
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If this method is applied in order to enhance the positron capture by anti-
protons it would allow the production of antihydrogen atoms in a well-defined

atomic state with a reasonable rate.
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Figure captions

Fig. 1

Fig. 2

Fig. 3

Fig. 4

Schematic arrangement for electron cooling of stored ion beams.

Level scheme of a fully stripped ion in a cooling electron gas seen

from the ion rest—frame,

Electron capture cross—section for capture into various atomic levels

versus electron energy in units of Ey.

a) Cross-section for m = 1 states: -——— 0, of Ref. 8 [see Eq. (2)];

-—= 0y of Ref. 7 [see Eq. (A.l)]-

b) Cross—-section for m = 2 states: —— g, of Ref. 8§ [see Eqg. (2)];
—== Gy = 0, + OZP; R Gzp of Ref. 7 [see Eq. (A.Z)].

c) Cross—section for m = 3 states: —- g, of Ref. 8 [see Eq. (2)];
== Oy = O, * U3P + Uaq3 == O3gs —rc- U3p; ~tet= O,q of

Ref. 7 [see Eq. (4.3)].

Concept for antihydrogen production [5] at the LEAR storage ring,
using continuously stored and cocled positrons produced by an

electron linac.
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APPENDIX

The recombination cross—-sections obtained by Stobbe [7] after calculating the
hydrogenic bound-free matrix elements for main quantum numbers n = 1, 2, 3, of the
bound states are given. The radial integrals result in terminating hypergecmetric

series, which determine the rational coefficients in the following formulae.

For m = 1, with x = JEe/EO:
%18 A Bl(x)- x 2. (14'X2)_2 . (a.1)
For n = 2, with x = 2 JEe/EU:

- -2 -3
8+ B, () » x2 [(Lex) 2 +3(1+x0) 7],

g

28 (A.2)

o}
2p

84+ 3,00+ x? [314xt) 481 ex)™] .

For n = 3, with x = 3 {Ee/Eo:

Q
1l

94+ B, () » 572 [3(14x2) 243201+ x2) 7% 4 (208/3) (1 + %27+ (128/3) (1 sx2)7%]

EX
0, = 9A"B,(0) X2 [26¢1+x2) 22081+ x2) ™" 422601 432)° ], (4.3)
G4 = 9B, GO - x72 [(80/3) (1 +x2)™" + (736/3) (L +x2) > + 256 (1 +x2) ° ] .
Here, Bn(x) =[1 - exp (-2wn/x)j~1 exp [-(4n/x)'arc‘tg %],
and A= (28/3) 7%, oﬁc: .

41,

For x << 1, Bn(x) > e Then, the c¢cross—sections depend on the kinetic

2

energy of the incident electron as E;l. As 1 + x° x 1, the magnitude of the

cross—sections is given by the sum of the rational coefficients.
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