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ABSTRACT
A polarized protdn and deuteron source for the Befkeley 88-inch
cyclotron has been built and presenfly is being'tested; The source, of
the "atomic beam" type,i is mounted Vértically above the cyclotron, its’
beam being injected axial;j into the mechine through a hole in the uppér
yoke. Thé axialvinjectiéﬁ system is described elsewhere.g- - |

The source is of rather conventional design. Our main aim has

‘been to use the best features of the most successful sources in operation in

various laboratories, meking improvements in design as far as possible.
This provides a dependable system, flexible enough to leave rodmvfor future

developments of the various‘parts.

" v ,
Work performed under the auspices of the U.S. Atomic Energy Commission.

+Expanded version of paper presénted at the 1969 Particle Accelerator
Conference, Washington, D. C., March 5-7 1969.

++On leave of absence from the University of Milan, Milan, Italy.
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I. PRINCIPLE OF OPERATION

An atomic beam of hydrogen or deuterium»is produced by dissociating
H2 of D2 gas in a discharge tube, and by collimating the beam with a series
of diaphragms in a differential vacuum system.

The bean is injécted into a sextupole magnetic fiéld, where it is
split into its hyperfine—structﬁre (hfs) components. Half of the components
(two for hydrogen; three for deuterium) converge towardvthe symmetry axis
of the field and are tranémitted; the other half is lost against the sextupole
magnet and the vacuum enclosuré»walls. At the end of this stage, in a weak
magpetic field fhe beam would be only partially polarized.

Full polarization is achieved by the adiabatic passage method3 as
follows: the atomic beam passes through an oscillaﬁing magnetic field of
the proper frequenc& gnd orientatidn,_superimposed on.a static magnetic'
field which presents a low longit&dinal gradient. In this field transitions
amohg-the hfs étates are induced.

The fully polarized atomic beam is thereafter ionized by>éleétr6h
impact in a static magnetic field. The ions are extracted, acceleratred
and focused at & location suitable for the injection into the cyclotronm.

Means‘afe providediﬁo measuré the density'of the atqmic beam and
the ion current. A simple polarimeter allows one to measure the deuteron
_tensof polarization before injection. The vector polarization of the proton
and deuteron beam cennot be measured by simple means at low energies.

The source has been designed to give up to 10 pA of protons and
deuterons with energy up to 20.keV‘and polarization * 1 (protons), * 2/3

(deuterons, vector), * 1 (deuteron, tensor).
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II. THE DISSOCIATING UNIT AND THE ATOMIC BEAM FORMING SYSTEM

The overall feature of the source, on the eyclotron vault shielding
roof is shown in the Figs. 1, 2, and 3.

The first element from the top is the "hsirpin# pyrex dissociator
tube, in which H2 and D2 molecules are dissociated intofatoms. ihe
dissociating‘discharge is of the electrodeless'type, driven by a 1.5 kW,

20 MHz self—excitea oscillator, cepacitively coupled to it. The use of this
type of oscillator has proved convenient, simce its operetion remains stable
durlng rapid varietions of the physical parameters of the dlscharge, such- as
pressure and temperature. The gas is admitted to the dlscharge tube through
a remotely operated gas metering valve, coupled with an automatic pressure-
regulator;h Operating pressure in the discharge is in the range of 2.Torr,
with gas flow in excess of lOO atm cc per -minute.

The atomlic beam is formed and collimated by three orifices. The ;
_first pierced at the end of the glass.tube, shovws & double-conical shape
and forms, together with the second, avLaval"nozzle-skimmer‘arrangement.5
The diemeter of these orifices is 2.5 mm and their separation, in the best-
experimental operating conditions is 4 mm. The third orifice, located at
the sextupole entrance has a diameter of 4 mm and is T cm away from the
second. Second and third orifices are pierced through tantalum inserts, the
‘choice of Ta being suggested to minimize possible damaging effects by the ions
outstreaming from the dissociator. The geometry of the orifice system is
‘shown in Fig. h.

Pressure inside the Laval nozzle arrangement is 10 -2 Torr, maintained

by a 1000 CFM roots blower.6 At this pressure the mean free path -of the
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hydrogen atoms is about 1 cm. The gas flow out of the discharge tube is

19

1 Torr-liter/sec in the present conditions, or epproximately 107~ atoms/sec,

of which, according to the Laval nozzle theories, ahoutlloli should be

contained in the final beam.7
The pressure in the "collimetion region', betwéén thé sécond.and.
the third orifiée,vis lO—h Torr, ma;ntained by two- 10-inch Hg aiffusion pumps -
with freon and LNlbaffles. Thevchoice of Hg insﬁead df qil diffusion pumps
has been méde to avoid the polymerization of‘vachum oil'dﬁé to the véry
W}eactive atomic hydrogen.
The sextupole and r.f. transitibns houéing aré évacuatéd by means
of an 12-inch oil diffusion pump - with:LN baffle giving an operating pressure
of 2 X 10_6 Torr. Tﬁe'neutral beam intensity iS'hohitored heré‘
with a compression gauge, consiéting of an ion gauge fittéd to a bottle
furnished with a 4 mn diameter X 10 cm leﬁgth intake tube. The préssure |
rise in the gauge with the beam "on" is proportional to the Eeam dénsity.
The ‘collimation and the shape of the beam is checked easily with MoO
targets, sensitive to atomic hydrogen. At the end of this section, thé polar-
ized beam shéws a cross section less than 1 cm in diameter (séé nekt).
The ionizer housing is evacuated by a 1500 i/sec electro-ion pump8

7

at a pressure of the order of‘lo_ Torf. To avoid as far as possible fhe
fresence in the ionizing reéion of unpolarized hydrogen from the background

and contaminations of oil vapors and water, the ionizer is surrounded by .

a double wall enclosure cooled with IN. An LN baffle with an axial éhannel

is aiso provided at the.ionizef housing entrancé, from thé sextupole side, which

represents a very high impedance to gas background and practically zero im-

pedance to the beam.
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ITI. .THE SEXTUPOLE

" The sextupélar lens is shown in.Fig. 5. The electromagnet yoke is
v.h8 cm in diameter and 50 cm in length. The‘magnétic gap is longitudinally
tapered from 7 mm at the entrance to l61mm at the end. 'The exéita£ion is
vaccomplished by means of six l2-turn coils, water codléd, wound around each
pole and fed by a 32 V-200A DC poﬁér supply,-stabilized‘within_a few pércent.
The pole tips are assembled in a éingle unit and aré removeble to allow for,
future improvements.

In a perfect sextupole, the field components aie:

( >2 .
B cos 3 0 s
0 0 o

.f | 2. , _
r BO :;8 sin 3/6 s

to
it
|

o
]

In this field, the radial force acting on a neutral atom of magnetic moment

H is:
F=- grad (U4 * B) = - 4 grad B = = 2ﬁ (Bo/ro2)r

provided that B~ is:strong enough to allow one to disregard the dependence’

of ﬁ"itself on B.



5= : | . UCRL-18607

'In the sextupole strong field U equals + -one Bohr magneton for

two hfS‘components of hydrogen out of fqur, and three of deuterium out of »

'six., - For these components the force is focusing and harmonic. The presence

of other'field harmonics than the 3fd (sektupqlé) inaucés différénf forces
on the beam;, Higﬁef-order hgrmonics} multiplés of 3, are usually présént,
since they derive from the shapeldf.thé»pole tipé; which‘aféAdifferént>from -
the 3rd order hyperbolas of é perfect sextupole. Lower order‘hérmonicS'come
from defects of manufacture. | |

The sextupole field has been measured at . various locatioﬁs.along
its axis, By meanévof a set bf rotating coils with one side on the axis,
and a current iﬁtegrator and réqorder;» Fourier anaiysis of the measured
curves has beén dong, showing that compdnents other than the 3rd have ampli-
tﬁdes of only a few perceﬁt of the.3rd hafﬁonic. The_harmonic content does
not seem to depend much on the absolute &alueIOf thé fieid.

The sextupole focuéing effect on the beam is shown byrthe MoO pictures

of Fig, 6, taken with the sextupole "off" and "on", at a position some 50 cm

downstream from the sextupole at the ionizer location.
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IV. THE R.F. TRANSITIONS

Vector and tensor polarizatioh, Pz 'and Pzz’ can be defined in the

following way:

N

Pz 2z T L 3%
ZN = N+ + N, NO % Os‘for protohs
IN=DN_+N +.ﬁm v;v for aéutefons
i NO’_N— 'répresent thg occupationrﬁumbers of thevhfg étgtes.v

With reference to the energy diagrams of Figs. 7 and 8 the hydrogen

and deuterium atoms after the sextupole occupy the two and the three upper

states respectively. Their polarization, in a strong magnetic field such

" as the cyclotron's, would Be zero. To achieve complete polarization the

following system of adisbatic transitions has been adopted:

Protons: ..~

Deuterons:

13, B, = 5gauss, £ = 7.5 MHz, which yields: P_.= -1

V4
i‘# L, 8 gauss, 7;5 MHz,'sz= ;,2/3; P, =0
3 > 5, 80 geuss, 331 MHz, P, = -1, P =1/3
2> 6, 80 gauss, 458 MHz, P =+ 1, éZV= 1/3 .

Note in addition that:

- the beam is ionized in a strong axial magnetic field; by reversing

the direction of the field the vector polarization chénges its

sign;
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~ the deuteron tensor polarization is not pure. However, in doing
experiments with this beam, it will be pOSsiblé to subtract the
fesults (such as the cross séctions) for the two last cases, to
eliminate the vectér contribution.

The two tranéitions, weak field (8 gauss) and intermédiate fiéld
(80 gauss) are to be operated one at a time. We regard this as a considerable
advantage over other gystems which should use various transitions at
the same time in diffefenﬁ comBinatiOns.

The two trénsition magnets are much tﬁé same. They have been designéd
as plug-in units, inserted in their place through a port in the sextupole '
housing side. With'this arrangement the two units cén be removed in a matter
of minutes. |

| In the weak field trarisition, the oscillating magnetic field should
be oriented pefpendiéulariyuto thé sfatic, adiabétic, field. TIt-is prpduéed
accordingly by a 1 cm diameter - 3 cm long coil throughvwhich the beam passes.
The 7.5 MHz oscillator (5w output‘power) is a very‘smail unit.éompletely
contained in the‘vacuﬁm. | |

In the inﬁermediate field transition, the oscillating field.ﬁust be
parallel to the static field. Therefore it is produced b&'a hairpin loop,
formed by .& couple of 3 ém long plates parallel to theAbeam, bridged at
one side. The 300 - 400 MHz 6s§illator ié of‘the.tuned—pléte,ltuned4grid

type»(lSO W output) and is connectéd to the coil by a 1.5 m long cable.
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V. THE IONIZER

‘The ionizer has been manufactured by ANAC Company,9 according

’
/

to the Auckland University (New Zealand) design.lo
The atomic beam is ionized by electron collision in a gylindrical
region 1 eom diameter and 12 cm long, wpere 2 1500 gausé magnetic field
parallel to the axis is present. The sigﬁ of this static field can be
reversed to allow changing the sign of the polarization of the beam.
Thevelec#fons are produced and aécelerated to about SQO volts at
the entrance side éf.thé device. A'negative voltage ét the exit end
(about 2 kV) repeis the electrorns back, so.that they can oscillate back
and forth throughout the "ionization column", being éoﬁfiﬁed in a cylindriéal
sheet by the action of the maghetic field. The negative electrodes prOVide
as Wéllbfhe extraction of the positive ions frqm the ionizer, and the positive
beam is shaped and properiy accelerateéd by means of a subsequent system of-
electrostatic leﬂgés. |
The energy of the ion beam from the ionigzer might be a éiven fraction
of the dee voltage in the cyclotrén, to‘provide centering of the first:
érbits on the center of the machine.ll Moreover, as & study of\the axial
injection system has shown, the best results can be obtained aécelerating
this Beam at definite values of its enefgy for every final energy in the
cycidtroﬁ.lz VAcCordingly_the'ionizer volfage with respect to éround, which
defines thexion'energy,'must be varied over a wide range, from 5 to 15 kV.
This,reqﬁiremeht means an achromatic optical system for thé ionizer,
thét ﬁas not provided with it,:to give a waist at the entrance of the axiai

transport line_over this energy range. To solve the problem, the original
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‘ ionizer optics hdve been ﬁodified by adding a third éylindrical electrode

to the "focus" gridded lens;and placing.at somé distance & second gridded
"einzel"‘lené. (Fig. 1.) The first lens is to forn'a ‘beem waist at a fixed position,
about lO cm past the grid, for a wide range of beam energles. The second lens
prov1des the transfer of this walst to another walst in’ the most sultable

position for the axial 1nject10n line. o |

-3

Ionizer efficiency, according to the manufacturer, is.up to 10 73

emittance of the first waist about 1,600 mm?mrad-kev;/2,'normalized at

5 keV.



-10- UCRL-18607

VI. POLARIMETER AND CONTROLS
The tensor polarization of a deuteron beam cén be evaluated at low
energy , by méasuring_thé asymmetry of the neutrong or.of the alphas produced
in the reaction: .a(t,n)a. :
The relative. number of alphas produced at an anglé< 6 bis rélated to
13 '

Pzz, by:

ag(8) = 00[1 - %-(3 cos® 9 ;’1) Pzz]' .

Measﬁring o(8) will allow measuring’of ?;;,‘ On this line & #ery:simple
polarimeter has bgen built, as é plug—in'unit, ﬁhich,we bélievé coula prove
very useful tb check the souréé pérformancés. Thé polérimétervcdnéisfs of
a water cooled tritium‘target‘holder and two solid stété élphaicounters.
The tritium target is tilted at L5° with féspéct to the deuteron beam. The
counters aré placed to céunt alphas at 148° and 90°. The asymmetry in the
- number of alphas counted at théée two angles is:

A= o(148°) - 1- 0.289 Pz
o(90°) ~ 1 + 0.250 P

Z
From a measurement of A, Pzz can be calculated:

P o= e 1l - A
zz  0.289 + 0.250 A " °

‘The'polarized ionvsdurce and axial line controls have been gathered together
in a 5-rack console plus other racks, by the side of the system above the
cyclotron vault shielding roof. vSome of the most impbrtant controls will
be also operated remotely from the-éyclotron control room. Figure 9 shéws

the control area on the vault roof.
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Controls include:

& vacuum system general panel; with vacuum gauges and safety

interlocks;

" ‘gas handling system controls;

digssociator power control;
sextupole current and adisbatic transitions magnets and oscillators

control;

~ionizer interelectrode_and overall volfage'controi;

ionizer emissioh control.
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VII. SOURCE PERFORMANCE'

The first operation of the sourée has been satisfactory. A polarized
beam current up to .7 ﬁA has béén méésuﬁéd throﬁgh fhé axial liné. Then a |
polarized proton beam has been injéctéd into thé cyclotron, acceléfatéd to.

20 MeV, extracted and transferred to a scattéring chambér.‘ Héré the polari-
 zation, meaéured by scattéring on €2 resul£ed in 85 % 5% (épin_"up") and
83 + 5% (spin "down"). During the acceleration test the beam current had the
- following values in the various sfages of the system: 200 nA at the beginning
of thg inJectioﬁ line, 6 nA at the cyclotron e#traétion radius, é nA in the
extracted beah;v.h nA in the scattering chamber. | | |

| ‘The ion background wa.-é quite high in the axial line: 3 or b times:
greatef'than the polarized beéﬁ itself. _Tﬁe backgroqnd beam however proved
to pontaihvvefy little'non~polariied hydrogen and_waSInostly'reJécted by the
cyclotron.. - o | | o | |

Wo:k is in progress to improve the source perférmance, as far .as

the intensity and the degreé of polarization are concérned,

ACKNOWLEDGMENTS
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FIGURE CAPTIONS

Polarized ion source. Assembly drawing.

General view of the source. The screening cage of the high—voltage

section has been partially removed to show the ionizer box.

" Fig. 3.

Fig. b.
Fig. 5.
Fig. 6.
Fig. T.
Fig. 8.
Fig. 9.

View of the séurce from the west side.

Laval nozzle and atomic beam collimator.

Sextupolaf mégnetic lens with rémévable pole tips.

MoO piqtﬁres-of the hydrogen beam with the sextupole "off" and "on".
Hyperfine étructure levels of hydrogen.

Hyperfine structure levels of deuterium.

Polarized ion source and axial injection control area.
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "'person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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