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Abdtract

A new charge-exchange injection scheme has
been proposed which makes it possible to design a small
beamloss proton storage ring. The charge-exchangers are
composed of amagneto-neutralizer(H ->H® whichisakind
of the tgpered hdf wavelength undulator, and an opto-
magneto-ionizer(H%->H") which is composed of aring laser
used for resonant excitation of atoms and atapered undulator
used for ionization of the excited atoms.

These devices could effectively exchange the
charges of the injected beam with the Lorentz dectric fidd
generated by the interaction between the rdaivistic beam
and the magnet fidd The rdativistic Doppler-shift and
Lorentz-contraction effects can lighten very much the
burdens of power and wavelength required to the laser
specification.

1. INTRODUCTION

The pursuits of countermessures against the beam
loss andthe production of radioactivities areone of the most
important problemsin the designwork of theintense proton
ring of the next generation neutron source.

We propose a new concept of the charge -exchange
injection, which is free from the beam spill, using the
magnetic field and the available laser light, aiming at
redizing a high peformance of the charge-exchange
effidency, alower beam spill, and a smdler growth of
beam emittance® ?.
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2. NEW CONCEPT OF THE CHARGE-
EXCHANGE METHOD
The concept is typicdly illustraed in Fig. 1,
where the neutralizer islocated at an extension of astraight
section of the ring. The H beam is injected into the
neutralizer that is, an undulator, the magnetic field of which
can strip an dectron from H ion due to the deformation of
the aomic potentiad by the intense Lorentz dectric fidd
The neutrdized beam goes into the ring straightway and
interacts coherently with the photon beam circulatingin the
opticd resonator. The wave-length of the photon beam is
sdectedto be able to excite the neutrd beam resonantly,
taking into account the relativistic beam velocity (Doppler
shift). The up-to-cete technology of the laser can be
goplicableto this purpose The H* beam then experiences
the periodcd magnetic fidds of the undulator and is
efficiently ionized by the same process in the neutralizer.
The charge-exchange probabilitiesof 1.587 GeV H
and H* beamsas anexample are shownin Fig. 2 whichare
obtained by calculations from papers writtenby A. J. Jason
et d® andD. S. Bailey et d®. The maximum strength of the
undulator magnetic fid ds is decided by taking into account
these probabilities.
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3. UNDULATOR FOR NEUTRALIZATION

A typical magneticfieldof the undulatoris shown
in Fig. 3. This is a hdf period tgpered undulator of the
modest magnetic fidd.

The deflection angle of H beam can be
cdculaed in the coordnates X, Y, Z shown in Fig. 1.
From the equation of motion,

m, dv/dt=-e @B,
we get

=v,/ c=-(e/m, = ¢) Bz

where  cisthevdocity of H beam, v, and v, is the x-
component of the velocity deflected by the magneticfield.
Theintegral region of above equation is from the entrance
of the undulator to the neutralization point.

From the above equations, we can obtan the
half width of the deflection angle:

¢ = -(e/m, " OB)L,/2,

where B, is the maximum magnetic fidd and L, is the
efective length of neutrdizaion region (typicdly 12.8
mm). Dueto the sharp dependence of the charge-exchange
probability on the magnetic fidd strength (amost
proportional to B, seeFig. 2), the neutralization points are
locdized & the position of the pesk magnetic fidd B

resultingin ¢ =0.8mradwhenB,=1Tand ,=0.1
m where | is the period of the undulator.
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4. UNDULATOR FOR IONIZATION

The magneticfield of theundulator forionizationis
shown in Fig. 4. This is also atapered undulator but along
length (7 periods). Theperiod is 1 meter including thefree
space of 50 cm andthewave-form isahalf sinusoidal of 25
cm long. The free spaceis provided for avoiding the Stark
broadening of aomic absorption spectrum by the intense
Lorentz dectric fidd After the similar cdculéions

described in the preceding section, we obtain ‘0, ¢
‘Smradand L, ‘5.6 cm.

Bx(T)

0. SrBi . i
/\ Ly B;/ 2
v, I HiT .

a ) Magnet figl

\ >

- ¢

b ) lonization point vs defl

Undul ator for io
i § 1 mCB 0.85 T Cnunber of perio

Fig. 4 @ agnetic field of the undulator

5. OPTICAL SYSTEM FOR EXCITATION
5.1 The Laser

The laser of this system should be powerful and
tunable for the resonance exditation of H® beam. After
intensive researchesof the present technology of lasers, the
wavelength of the 2nd hamonics(A=532.1nm) of
NdYAG laser has been chosen as apracticd laser which
has recently been developed up to the order of one kW in
CW mode.

On the other hand, the necessary wavelength to
excite H° from n =1 to n = 3p levd is wel-known the
Lyman seriesL  (A\’=102.5 nm). The rdativistic Doppler
shift of the wave-length solves this difference gap by
A=A/ "1+ Bcos ), where A" is the wavelength in H
frame of reference moving with the speed of Hydrogen
beam and 6 is the crossing angle between H° beam and
photon beam. Putting cos8= 1, we can get 1.587 GeV H°
beam, that is, “=2.691 and 3 =0.928

5.2 Rate equation for excitation
Let’s consider the four-level scheme of H® beam;

groundleve, n =2, 3 levds and ionized stete.  The rate
equations for this scheme areshown inFig. 5, where *’'s
are the probabilities of spontaneous transition and j is
that of inducedtransition. The rateequations can be solved
as shown in Ref.7.

Non-charge-exchangerati o after passing through
the half period of the undulator is expressed as

N,/ N°=cosh jT,exp(- i Ty,
whereN,?is the particledensity of thegroundlevel H° at the
end of the half period, N,%isitsincidentvalueand T, isthe
traveling time of the particlesin the free space.
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5.3 Required transition probability of induced transition

Non-charge-exchange rdio, that is, non-ionization
ratio after passing through the totd undulator magnetic
fiddsis expressed as

I /lg=cosh®™( i T)exp(-2M T,
where M is periods of the undulator.
For satisfying the condtion | / 1,= 10°, we get a required
transition probability
i =173 x10° (sech).
Thetransition probability j isexpressedbycn .
—which gives the required laser power, wheren . is the

photon density of aleserintheH - frameand —is the
induced transition cross-section of H°.

For the hydrogen beam, —is given from the
cdculaion of the quantum theory by —=h 'B/ (c ¢

.- ) where ' is thefrequency of laser light inthe H -
frame, histhePlank constant, B is the Einstein constant of
induced transition and ¢ . is a absorption spectrum
width of H® dueto the momentum broadening  ¢p/ p of H°
beam. When @p/ p isassumedto belx 103 wege a
large cross-section
—=0.766 x 10™ (cm?).

5.4 Required laser power

Generally, thephotondensityn , of alaser power

(Io W) is expressed by :

n ,=168x10° 1,/S,
where  isthewavelength of laser light innm and S is
the cross-section of laser light.

This photon density can be amplified with an
optical ring resonatorby 1/ (1- R,R,R;R,) ‘100, where
R, R, R ; and R, ae the reflettivity of mirrors,
respectively. That is, the photon density in the resonator n

_ is amplified by
n =n ,/(1-RRR3R,).
IntheH - frang, the photon density n . becomes large

owing to, so - called, the Lorentz shrinkageby  ~(1+ ).
So, we obtain a following formula, assuming the cross-
section of the laser light S=1x 10* (m?):

n.= "I+ )n ,/(1-RRRR)
=87x10" 1, (cm-3).
From therelationn .= j /¢ —Weget
lo=1.64 kW (pesk),
ad
= 300W (average),

teking into account that arequired duty cyde of the laser
operationis 0.18.

6. CONCLUSION
In the present concept of the charge-exchange
injection method, undulaors (magnetic fidds) and a
powerful laser (photons) are used and maerids like
stripping foils are not used We can expect tha no
uncontroll &bl e scattering will occur and the production of
radioactivities will be minimized.

Therdativistic velocity of accderated patides is
made full use of : Rdativistic Doppler shift makes it
possible to use the second harmonics wave of NdYAG
laser to this injection method, Lorentz shrinkage can
amplify the photon density of laser light and lighten the
burden of devdopment to get higher laser power, and the
intense Lorentz dectric fidd dlows us to use the modest
magnetic field strength of the undulator.

The application of the resonant excitationto n=3p
levdl makes it possible to use a large cross - section of
induced transition. The opticd ring resonaor can amplify
the photon density and reducesthe required|aser power. The
application of the tapered undulator makesit possible also
to minimize the deflection angleandits half width of the H°
beam.

The efficiency of charge- exchange is very high and
the beam emittance growth is very low. Moreover, the
magnetic field of thetapered undulator hasno effect on the
circulating proton beam. Accordingly, this method will be
optimal for painting of the beam in the injector.
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