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This report describes experiments on storing protons in a ring
by a charge exchange msthod, with the set-up illustrated in Fig. 1. A
beam of hydrogen atoms or ncgative ions is injected onto a proton orbit
in a magnetic field at a point wherc the orbit intersects with a hydrogen
Jet. The varticles lose clectrons in the jet and are stored on the orbit
in the form of protons. Passing repeatedly through the Jet, the protons
lose energy and scatter. In a constant magnetic £icld the storage time
is limited by the deviation of the circulating »rotons towards the inside
wall of the storage ring because of cnergy losses in the jet. then the

-

mean energy losses are compensated for, the storage time is limited by

<
the elastic scattering and cnergy spread of the vrotons.
In August 1964, charge exchan.c injection of protons into a
storazc ring was carried out in the cxperimental set-up described in a
1
report at the Accelerstor Conference at Dubna ). High proton trapping

efficiency was achieved for cuasi-botatron and resonant operation.

A

The first experimeuts were carried out in a storage ring with an

o

aperture 28R x 2AZ = 8 x L cm® in a weak-focusing magnetic field with a

.

field gradient of 0.6; +the orbit radius R = 42 cu, The hydrogen jet

U

directed radially ‘from the inside of the ring is switched on for 300 - 600
pUsec by neans of an electromagnetic valve. “he diamcter of thc jet
in the region of the orbit is zbout 1 cm. The emission of protons cut

of the jct onto the orbit increases exponentially up to 100% with increasing
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density of the Jet. Observation of the proton beam on its Tirst turn

showed that it diverges when cemerging from the hydrogen targst, on

account of its finits width. It expands to 1.7 cm in radial dimension

after a guarter of a radial betatron -.avelength, and after half o wave-
length it ig focused again to the initial transverse dimension of - 4 mm.
The vertical dimension of the bean in the first turn is 5= /4 mm, and in

practice 1t does mnot change, with only insignificant proton losses. The

proton beam in the first turn follous a circular orbit to within £ 2 mm.

In the case of charge exchange injection into a storage device
without an accelerating field (guasi-betatron operation) the protons travel
in an inward spiral. Proton storaie unller these operating conditions was
observed from the intensity of luminescence of the hydrogen jet, recorded
by a photomultiplicr, and also by wide-band pick-up electrodes and a target
on the inner wall of the ring chamber, Tor an encrgy of 1 lieV and an
injection time of 20 usee (100 turns), Fig. 2 shous oscillograms of the
negative ion current on the input target, of the proton current from the
hydrogen jet, of the intensity of luminescence of th: jet and of the proton
current on the inside target. The luminescence of the jot and a similar
signal from the pick-up electrodes, indicatc that for 100 turns, when the

.L

beam is injected into the stora.e ring, the circulating current grows
linearly; then for about 150 turns the crrrent remains constant, during
which tize the radius of the whole injectsd boam shrinks (which was observed
by means of vertical nick-up clectrodes), but the beam is not yet lost to
the inside wall of ths chaiber. Then the beoan strikes the internal target.,
The charge striking the internal target is 100 times greater than the

charge in the proton beam during the Lirst turn. The ampiitude of the

1

signal from the pick-up clectrodes during storage is 100 times greater than
when a shutter is insertcd at the cnd of the first turn. These measure-

sents are occurate to vithin about 10%. The signal from the electro-
multiplier recording the light from the jet incrcases by a factor of only
LO to 50 during storace, arnparently owing to the difference between the

the

el

tronsverse current distribution of the stored proton boam and that of
first turn, There is 2 similar ratio for injection up to 250 turns. Thus
for charge exchange injection in quasi-betatron operation, the injection

efficiency is near to 100%.
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Charge exchange injecvion of protonz was olso carried out for
resonant (r.f.) operation. Under those owerating conditions, the v.f.
accelerating fisld compensates for ionizztlion losses of proton enerzy.
- < [
The ampiitude of the cccelerating voitage was up to 6 XV, with constant
frecucncy. In Fig. 3 is shown an ogcillogram of the beam current (signal
nj

from the r.f. pick-up e.ectrodes) upon i ction for resonant operation.

[N
O

Tmergy: 1 ieV; injection time: 300 usec (1500 turns); accelerating

voltage: 1.5 kV. in Mig. D are shown ogcillograms characteristic of
trapping into resonant operation. Tnergy: 1 HeV; dnjection time: 20 usec.

The first two oscillograms represent the sigral from the wide-band pick-up
electrodes with and without an r.f. acceleratin, field. Comparison of <the
signals shows that the linear density of trapped protons in the centre of
the bunch in resonant opsration is one-snd-a-half times greater than that
of the protons stored in gjuasi~betatron operation. The third oscillogram

shows the signal from the r.f. pick-up electrodes, and the fourth the signal

i

from the internal target vhen vrotons are being stored in resonant operation.
Comparison of +the last oscilliogram with the signal from the internal target
during injection into the cuasi-betatron (sece Fig. 2) shows that, unlike what
occurs when protons are injected in cuasi-betatron operation, more or less
constant particle losses occur during the injection of protons in resonant
operation. The protons go 1aﬂnlj towards *he inside wall of the ring (the
signal from the external target is many times smallor). Particle losses

upon injection in resonant oneration are 20 - 25%. In . 5 a hown

U“

oscillograms of the beam current of protons stored under resonant operating
conditions for 500- 1000 turns (energy 1 ieV). Tt can be seen that the
current stored in resonant overstlon increases linearly with tine.

Phe cross—-scction of proton losses due to scebtering on gas in the

ring chamber is
2

4 iz N
S - o8N 2(n+1)
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AR )
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where T is the kinetic cnergy of the protons; o the momentum compaction

Tactor; vy and vy the number of betatron oscillations per turn, and A

the Coulomb logarithm.
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In this cupression the first term corresponds +to the spread of the
ionization encergy losses in zas, the second to elastic scattering. In
the hydrogen jet (2 = 1) the provon losscs due to the cnergy spread and
to elastic scattering are aporoximately equal, In the above-nenitioned
experiments with the hydrogen jot ¢ = L.hH x 10_22 cmz/atom. In the last
turn, The proton trapving efficicncy Tor betatron opcration without

11

talding into account the domping and build-up of the oscillations on the

W

KX

& = Dorf gg—f - for  wxiem ¥ 1.45
‘eff

and the injection efficiency

e -T c - '
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where K is the number of injectcd turns

off ~flo ?

here I ig the thickness of the jet in atoms/bmz, ¢ is the by-pass factor of .

the jet. Vhon K = Keff’ d = 0,36, n = 0.71.

Any energy losses of the particles circulating in the ring result
in damping or build-up of betatron and synchrotron oscillations or the

increcasc of the orbit spread with increments on reverse turns

Oz
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where W 1g the encrgy loss per turn, T the encrgy of the particle, [ the
rclative velocity, and L the orbit length.
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Tonization logses in the Jetv are responsible for the following

increnents
117/ R o1 10/, a0 _ N
0x = =& [ 1-o 592 0 =7 a ooas = 2
W T \ 1 or o LT II or
For radial positioning of the jet
ronl_ _2R
n or a 7

vhere a is the diameter of the jetv in the rsgion of the orbit and K the

iach number. - This rclation is correct vrovided that the protons always
cross the jet in its diametral tlanc. In recality, the jet is by-passed,
mainly when r <R, wher. the jot has a small diemeter (according to our measu-
rements the diameter of the jot on the inside wall of the chamber is very
small, about 2 mm, although the cross-section of the jel output nozzle is

6 mm in diameter). As a result, the offective valuc (R/1)(01/9r) may drop
to zero. This is confirmed by the fact that according to our measurcsments
the shri cage velocity of the orbit radius cuasi-betatron operation decrea-

o

ses on the inside wall of +the chamber.

In our experiments (2/4)(R/2) ~ 6. TFor a target thickness
H=2x 10"'7 atoms/em?, the cnergy losscs in the jot amount to about 200 cV
and the increment in orbit svroad Sr = 1/500 to 1/5000 per turn. The
increase in orbit spread because of jonization friction in the jet roeduces

the effective number of injecction turns K .. from 11000 to 1000-7000. In

. of'f
order to increasse the offccetive numboer of tirns, the jet should be positioned
axially. In our experimental sct-up it vas difficult to do this because of
the design of the magnot. Since under cuasi-betatron operating conditions

o

the injection time was limitcd by the spiraling of the orbit te a few hundred

turns, we could not obsgcrve proton losses, since cven for anf ~ 1000 with
o

K = 250 the losses amounted to only 2%.

For injection for resonant operation, the rated cffective number
of injzction turns fealls by a factor of arproximatoly ons-and-a-half, and
the increase in synchrotron oscillations is twicce as small as the incrcase

in the orbit spread. The fact that upon injection in resonant operation

56,/260 /5 /o fum



provon lesses did not noticeebly increase up to 1500 turns, shows that
the effective value of (R/01)(dM/ar) is considerably less than 6.

Constant particle losses of 20- 25% upon injcction for resonant operation
agree falrly well with shrinkirg of the azimuthal dimension of the scpara-

trix due to energy losses.

In the first experiments the negative hydrogen ion source was
provided by a high-frequency ion source with maximum constant currcnt of
21 uA, with a power supply of 400 7, The ion sxtraction system is without
a probe and the extraction voltage goes up to 12 kV. The distinctive
feature of the source is the stopping of sccondary electrons in the charge

exchange channel of the extraction clectrode with a voltage of 250- 300 V.

When the source was installed in the Van dc CGraaf accelerator,
the atomic beam was not separated, which considcrably increased the
clectron charge in tho accelerating tube.  Accordingly, a beam of negative
hydrogen ions of up to 12 mA was obtained from the accelerator (at this

powcr the radiation doses under the accelerator amounted to 30 rad/h).

In the storage dovice the bean was fed in separate pulscs
lasting 1= 300 usec from a cut-off cavacitor installed in the ion duct.
With a quadrupolc lens, the beam of ncgative hydrogon ions was focuscd on
the inlet of the storace device, which had a dizmeter of 3-4 mm and an
apcrturc angle of 2 x 1073, Here¢ the beam passed through tho gas targsct
nede in the form of a Jrift tube of 5 em length and a diameter of 1 cm,
and with diaphragms and differential pumping. The ges wvas admitted to
the drift tube in separate pulscs, lasting 1 psec, by mcans of an clectro-
magnctic valve. The atomic hydrogen beam from the input target was put
into thc orbit with an accuracy of * 1 mm on the transversc position and

-3 . . .
t 2 x 10 ~ on thc angle, achicvid by mcans of a magnetic corrector.  The

cnergy stability was & 0.2%.
For tho purvose of obtaining the maximum output of the atomic
beam, charge cxchange cross-scetiong of negative hydrogen ions wore moasured

by mass spcctroscopy in verious gases (Hz, Nz, CzHz, CzHsz, COn, Slig, CCZze)
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at an cnergy of 1- 1.5 IV, The paximum output of the atomic beam was
found to depend only slightly on the kind of gas and on thc cnergy, and
amounted to 50 - 55%. Ye used for the injector target hydrogen and carbon
. . . L. . . 2
dioxide with an optimum thickness of 2.5 x 10'® ana 3 x 10'° molecules /cm?,

respoectively.

in air (tubular) coil was inatalled in the storage chamber in
order to carry out multi-turn charge exchange injection for betatron
operation, and to study the possibility of compcensating for the space
charge of the proton beam with clectrons (sece Fig. 6). Proton storage
tokes place inside the coil. accelerating voltage up to 200 V is fsd o
the coil from a special scncrator, in approximately scuarc pulses lasting
500 uscc, which allows storesc to take nlace during 2500 turns. The
current through the coil from the generator incroases approximately lincarly
up to 300 kA, Carc was taken to shield tho coil cavity from the external

magnetic accelerating flux.

Proton stora.c takes place in an axially symmetrical (e = 2.5)
and an alternating gradient ficld (o = 0.8). The cavity aperture is
4 x 3 cm?, Taking into account damping and build-up in the jet, the
effective number of injcction turns at an energy of 1.5 MeV is 4000,
Proton trapping efficicncy for betatron operation is about 85%. The
maximum current due to spacc charge limitation is 0.75 A (0.7 x 102 par-

ticles).

For storing large currents, a source of negative hydrogen ions
with a current of up to 1.5 mA in pulses lasting 1 uscc was installed in the
Van de Greaf accclerator.  The source is of the cyclotron type described by
Ehlers ot al.z). Figure 7 gives a diagram of the source. Along thc mag-
notic field (2000 gauss) in the anode channcl an arc is ignited (currcnt
k-5 A, voltage 300 V) with a tantalum thormo-cathode (power 160 W). The
arc scrves as a powerful emitter of electrons, which in the neutral gas form
negative hydrogen ions. The latter are accelcerated across the magnetic ficld
towards the extraction clecctrode (extraction voltage 5 kV). The electron
current onto the extraction clectrode is limitced by the magnetic field and

amounted in our source to 100 mA. The admission of hydrogen is pulsed by
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neans of an e¢lcctron:gnetic valve (duration of pulse 1.5 usec). The ion
curreny 1 frniriy sencitive to thce density of the gas. “he ontizaum
thiclnesc of the bhrdroscn loyer between the surface of the arce and the
dreining clectrode is cbout 1617 zt/cn®. The hydroger ©ow rate is

5 16 om’ cer nulsoe, In order {s lesscn the rulsed hydrogen charge

in the ceeclerating tube, the volwse of the vacuum chomber off the source

was incrersed to 16 L. The samning-down time for this chamber is chout
0.2 scc. She oulae chrre of She ion current 1s sensitive to the cathode

Toenporaturc. Fiecure 8 shows an oscillogram of the ion currcent vulse
wiaen there is slight overheating of the cothode. The breakdovms obscrved
in the den current worce connccted with instability of <the are.

)

The negntive ion beam issucc in the form of a ribbon w7ith an
increased apcrturc anzle in the planc perpendiculear to thoe magnetic ficld.

The vhase space arce of the boos ip this dircetion is loss then the phasc

i

snace area in che dircetion nnr2ilcl o the magn oic figld. By muems of cui-
drupole lenses, the hemam is feocusced 10 em from the inlet into the accelerat-
ing tube with a diamcter of L~ 5 mm -nd apcrture ansles of C.07 and 0.15 rad.
In focus, the beanm ic 2ceclorated up wo 10- 12 keV for clectronic-optical
natching with the ncecleorating tube. At the outlet of thoe rccelerator

at an cnergy of 1.5 LicV, tho tronsverse phasce prcec arca of the besm is about

-3
5% 10 on rad, which sctisfics our raquircacnts.

The negrtive hydrozen don source doscribed makes 1t possible to

o

. 1otz A X . .
store about 10°° onrotons (curvcnt siout 1 A) in the betatron coil cavity.

1) C.I, Dudlcr and ¢.I. Dimov, Int.Conf. on Accclerators, Dubna (1963),
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2) K., EhlcrsS 3.F. Gavin and D.DL. Hubbard, Mucl,Instr. and Hethods 22,

87 (1963
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Fig. 1 ¢ 1. Megative hydrogen lon source
2 Accelerator
3. DIntry gas terget
L. Hydrogen Jjet on orbit
5. Storage ring
Tig. 2 : Horizontal: 1 cm = 10 psec.
Fig, 3 ¢ Horizontal: 1 dintervael = 500 usec.
Fig. Lo Horizontal: 1 cm = 10 usec.
ig., 5 : Horizontal: 1 cm = 50 usec.
Pig, 6+ 1,2. Inside and outside wall of vacuum chamber
3 Magnet pole
L. Betatron air coil
5. Indicator box
6. Tntry flow target
7. Hydrogen jet
8. Voltage supply to coil
Fig. 7 : 1, Hagnet
2., Vacuum chamber
3 Tlectromagnetic valve
Lo Gas supply
5. Anode
6. Cathode
7. Magnet poles
S. Extraction electrode
9. Glectrostatic and neognetic screen

10,71. Quadrupole lenses

66/260/5/p/mm



- 10 =

12. Cut-off elecirode

17, Leeelerating electrode

1. Accelerating htube
Pig, & Horizontal: 1 cm = 500 pusec.
Vertical: 1 e = 500 microamperes.
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