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Abstract

_ Ah on-line isotope separator was developed at the HILAC. The

heavy ibn beams impinges on & thin targeﬁ,and the recoiling product nuclei
are stopped in a solid or liquid catcher. Théy defuse out of this
catcher .at high temperatures and are ionized by a rotating electron

cloud. The iohs are focused with a rf guadrupole lens into a Paul mass

. filter. Thereafter they are subjected to analysis by conventional

nucleaf radiation spectroscopy. The principle of the instrument and the
results of the first on-line runs are reported. A detailed report will

be givén elsewhére.
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1. Introduction

This paper describes some of the results of an attempt to gain
experience with an on-line isotope separator system at the heavy ion linear
accelerator (HILAC). The project vas initiated in 1966, and the first
on-line runs for evaluating the performance of the complete system were ¥
“made in July 1968. | &
The number of presently unknown beta unstable nuclei includingv
' neutron-, proton-, and alpha-emitters with‘half lives between lO_? and
lO2 seconds is estimated to be about Z,OOOl). Figure'l shows a conventional
nuclide chart with black squares representing stable nuclides and white
squareé the known radioactive isotopesz).' The two lines designated
szo and. Bn:O indicate the'position of nuclides with zero binding energy
for the last proton or neutron respectively. It is evidentbfrom this
- chart that the number of unknown beta unstable nuclei exceeds thé number
of presently;kﬁoWﬁ. Knowiedge about these white regions is most likély
to increase our:understanding of the nuclear structure.

Some nuclei will still have long enough half lives so that they can
be studied'by conventional techniques including wet chémiétry. Idéntifiéation
of others will be possible by on-line techniques which do not include
mass separaﬁion and which are capable of handling half lives as short as
1 ms. Most of the unknown nuclides, however, will iéquire on-line
techniques for unambiguous and direct idehtification.

péing Fermi's theory of beta decaj,'one can estiﬁate that, éxcludihg suﬁer *“‘
allowéd t;ansissions, the shortest half lives of the unknown beta emitters

will be about 10—2 seconds., This gives the first and very important parameter
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»for the éonstruction of an on-line separator. DPoints of interest

besides beta emission are alpha emission, delayed neutron- and proton
emission, neW‘doﬁble magic and deformed regions, Q-values -and their

implementation for the semi-empiricél mass formula, nuclei of interest

in astrophysics,and new trans-Lawrencium elements,in particular,in

conjunction with the Omnitron.

)

After being convinced of the usefulness of on-line separation

one has to decide on the method to be used, whereby the type of accelerator

; ayailable is of primary importance. On-line systems at proton-
- synchrotrons, reactors, cyclotrons (also used as neutron genérators),

spontaneous fission sources, and heavy ion accelerators will differ mostly

in targéﬁ arrangements, fast chemistry, transportation and ion source

while msss:analysis, collection, alpha-, beta-, gamma-, and p-detection

and data handling will be more . uniform. Fig. 2 shows some possible ways

of setting up an on-line separation system. The middle branch is the one

most frequently used and also perhaps the most advanced (CERN, Orsay). Not

included in Fig. 2 are some unique systems like the multi-dimensional
fissioﬁ‘study by Watson et al.; in Berkeley, or laser time of flight systems.

Without discussing in‘detaii the principles used in different

.on-line syste@s,a few problems and limjtations should be pointed out,
‘particularly in regard to fulfilling the most important‘réquirement that

_the-tdtél transport time should be as short as possible.

1. Rédctor fission studies are hampered by the alternative to

either use'the internal high neutron flux snd cope with long (10 meter)

transport lines, or use the ‘external neutron beam which has orders of
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magnitqde lower intensities. The transporf time in the first case would
be in the order of several seconds unless the ionization takes place hd
inside the reactor.

2. On-line systems using high energy protons face the basic
problem of obtaining short diffusion times in targets df high effectiﬁe
thickness since the cross sections are small. In order to avoid the
high radiation background produced by proton accelerators,most'on—line
projects include pump lines which again prohibit the study of‘very short
lived isotopes.

3;\ Thevproblem common to all projects is the lack of a univérsal
ion source. Reaction products which are in gaseous form at or near room
'_temperature can be used in conventional discharge-type ion sources |
(for example: Scandinavian type). Alkali, and with lower efficiency,
group 1I elements have been used in surface .ionization sources.. Most-
.other elements are easily lost by condengation on cold surféces before
they:: ﬁ.get into fhe,ibn source and/or are inefficiently ionized. - It
ié not}surprising,therefor¢,_ﬁhat"the:first_elementswstudied on-line
" were alkalies: and noble gasses.

4. A further problem which will reQuire intensive study is the
fast chemistry necessary to eliminate thevambiguity in Z. Little is
known here. .Most projects rely on physical means of séparation like
differeﬁces in surface ionization, catcher diffusion, evaporation rates
and characteristic X rays in coincidence experiments. A heavy ion _ v
accelerator eliminates:to a,large extent the necessity for éhemistry, since

one can nearly always perfdrmfa differential experinment where the

A I
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bombarding ions differs. by one proton.

5. At the HILAC a very promising approach héd been taken a few
yéars ago with the RAMA (Recoil Atoms Mass Analysis) pioject3). It
corrésponds to the top branch in the schematic diagram Fig. 2. Recoil
atoms of a thin target are stopped in one atmosphere helium gas and can
be collected with high efficiency (up to 80%) as demonstrated in many
experiments. If one finds a.way to get rid of the large amounts of
helium without losing too much of the product nuclei, which then could

be introduced in a discharge-type ilon source, this seems to beva very

promising method of on-line separation. It was also thought of directing

 the.recoil carrying helium jet on a surface and removing the deposited

activity with a sputtering ion source.

None of the very brief considerations given in this- introduction
points_to‘a‘one—and-oply method of on-line separation. Most of them
are rather tailored to the specific experimental facilities. - This is

also the case with the fairly unique HILAC project.

‘2. General Descriptibn Of The On-Line Isotope Separator
‘The lower branch of Fig. 2 shows schematically the approach taken.

at thevHILAC on{line separator project; Recoil target, recoil catcher

~and ;onization have been combined into oné unit to avoid losses and to
'gain_Speed. For more detailed discussion we refer to Fig. 3. The heavy

- ion beam impinges on a target, which is thin enough (about 1 mg/cm?) to

let product nuclei recoil into an ion source where they are caught in &
solid or liquid catcher of highvdiffusivity. Eleétron bombardment keeps

the ions source and the recoil catcher at a high temperature so that
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short diffusion times can be_achieved. After diffusing oﬁt of the catcher,
the récoil nuclei are ionized by a rotating electron cloud and extracted
into an electrostatic quadrupole which transfers and focuses the ions
intb the mass analyzer. As mass analyzer,we use a Paul mass filteru)
which will later be described in detail. It is evident from Fig. 3 that
neutral particles of undesired mass number have a chance to gét through_
the whOie sebarator as is the case in all straight-through ﬁachines. It
is therefore necessary to separate neutral and ionized particles With a’
deflection system. 1In Fig._3 the particles are defleéted 90O onto an
alpha counter which is meant to be an example forvthe radioactive
counting‘equipment.

Iﬁ'addition to the neutral particles traveling downlthe instrument,
an infehse light is emitted from the ion source Which-in order not to be
"seen" by the alpha detectér has to be trapped in a light trap. The light
trap also serves as aLEaraday cup to read the ion current.  To allow for
'ofﬁliné- tuning of the whole instrument,artificial recoils of thermal
energy can be produced in a mass marker oven near the target (Fig.'3).
~This oven désigned as évKnudsen cell produces a molecular beam consisting
of ions of the same mass number as the radicactive isobar that is fo be
separatéd on-1line. If the hass marker oven is‘charged with a natufal
element,it will in genersal produce severai isotopic masses. This is a
ivery welcomed feature because it allows adjustment of the resolution and
Vtraﬁsmissionlof the mass separator which are the two most important
parameters. Except for the temperature of the ion source, all parameters

of the separator can be adlusted with the mass marker before going on-line.

vy

.«
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3. The Ion Source

The task of the ion source is threefold.. It has to stop the
fecbilé, defuse the@ out of_the stoppipg material aﬁd.ionize them.

The reéoils produced in heavy ion reactions With HILAC ions of
10.38 Méy per nucleon can vary in energy from about 400 MéV to fractions
of l,MeV. Assﬁming nolstopping in the target itself. The majority bf

all reactions for production of neutron deficient isotopes,however,involves

recoil energies bétween about 5 and 20 MeV. Measurements of electronic

oL , 2
stopping show that recoils of this energy can be stopped in .5 to 2 mg/cm

5.

of material (independent of Z within a factor 2)

p)

S 1 mg/cm? is, for

‘ _ . . )
instance,equal to 5 x 10 “cm of tungsten or 5 x 10 cm of carbon.

The time T it takes for a particle to defuse through a layer of -
!

material of thickness d depends on its diffusion coefficient D in this

material and is given in first approximation by

aZ

'1'——35
Therefore looking for a typical time constant T of lO-2 sec the diffusion
coefficient has to be

2 -10

a® _ 25x10°
67 6,}(10-2

8

~ hx10” %— (for tungsten)

7

2 G . e vaed .
cm”/sec in the case carbon is. used as recoil catcher.

Diffusion coefficients of this magnitude can be achieved dnly for very
few elements at moderate temperatures (i.e., alkalies);most other
élemenfs require temperatures which in some cases approaéh the melting'

‘point of the base material. (Ekample: the diffusion coefficient of Li

in 1,100°C 81 is 1x10™° cm?/sec and for Bi at the same temperature 1x10"H



UCRL-~-18463

CHF/%ec.)

Since the diffusion coefficient is highly temperatures dependent

=k

D=D, e
a 10% increase in temperature typicaily results in one ordef of
magnitude higher diffus’ion; Liguid metals have up to lO5 * times higher
diffusidn coefficients and can be used as recoils‘catéhers, but containment
and high vapor pressures at the melting point create problems which have
tb be solved.

The following opposing conditions have to be met by a liquid catcher
. material:
| -5

1. Melting has to take place at a low vapor pressure (< 10 torr)

s0 that the ion source does not get saturated with vaporized and 1on1zé}¥
catchér atoms, and so that the back of the water-cooled target and the
insulators afe not . coated.

2. The metal has to-have a high melting point so that the recoil .
‘étoms have a high vapor pressure in-“the liquid.

A look at the vapor pressure curves of all" elements6) shOWs.that
only'very'feW'elements yield a reasonable compromise between bothbconditions.
The following materials have been tried as recoil catchers: tantalum,
tungstén, porous tungsten, graphite, graphite felt, liqﬁid cerium and
iiquid~2irconium.- |

The third task of the ion source, the ionization of the'radiéactive
atoms, can be achieved in various ways, the most common being the gas

. }
The figures quotes in this paragraph on diffusion are only for 1llustratlon.
They’vary'often many orders of magnitude.
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discharge which has high ionization efficiency. The disadvantages of the
discharge source for our application are:
1. A fairly long time delay results from thé fact that the
holdup iime is equal to the discharge chamber volume divided by'the
"pumping spéed" off the exi£ slit.
' 2. It requires high extraction voltages and yielas therefore
high energy iohs which are incompatible with the quadrupole mass analyzer
in its‘breseﬁt form. |
,3‘ It produces a high background ion beam, which has to be kept at
high energy to avoid beam blow-up.

o For thesevx?asons‘andvin,order nqt to dupliceate work that is
done,i.e.,‘a%:CERN3 it was decided to look into the possibility of
electron bombardmghf ionization. Electron bombardment is in generél
about lOu times less éfficient for ionizatioh than a‘gas dischargé. The

ion current Ii depends on the electron density‘je, the cross section

Qé of the electron beam, the path lengths le of'the electrons, the differential

- lonization cross section o for electrons of a fixed energy, and the

particle density p in the following form:

'Ii = jeQélepGO
Thgre are three free paramefers to increase the ion;curreqt:. je, Qe and
le. Thé cross.section.Qe of the electron beam is limitedaby therize of
the iénizationféhamber. We have therefore tried to increase the path
length‘andnthe electron density.

_ For an understanding of the ion source it is useful to first



UCE.,-18463

cpreee = 10-

consider a simple magnetron as shown schematically in Fig. h. Tt consists
of an electron-emitting filament wire, a coaxial anode cylinder and two -

end plates in a magnetic field parallel to the common axis. At zero or

o

weak magnetic fields, the electrons leave the wife to go radially to the

anode which_is at a positive potential Ua' With increasing magnetic

field the electrons are bent into circular orbits, until at a certain
critical field Bc the bending radius becomes smaller thap the inner radius

r of the.anode cylinder, and the electron flow is cut off. This is illustrated
in Fig. 4, where the electron current Ia is plotted versus the magnetic

fiéld H for different anode voltages. Anode yoltege Uac ét cut off and

magnetic field»Bc are related by Hull's7) equation: | N

A deta%led aescription of the electron motion inside the magnetron is

far from trival if space charge effects are taken into account. A theory

" developed by Erillouin8) describes the electrons as moving in a "solid
cloud” around the cathode. The extremely high path length for the electrons
mekes this device attractive as an ion source.

The disadvantage in using the simple magnetron as an ion source is
that an ion can be formed near the cathode és well as near the anode, so
that the energy spread-is_nearly equivalent to the(anode voltage times
the chérge of the ion. To avoid this, we have surrounded ﬁhe cathode
wire Wifh a coaxial grid which is on anode potential and accelerates the v
electrons Béfo;e they go on their ¢ircular orbits inside the anode cylinder.

AThus,thé3énode>fegion is field free and the extracted ions have only
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~

minimal energies spread.

Figure 5 shows schematicall& hairpin-cathode, grid, and anode of
the magnetron source. The ions, which have been formed, are extracted by.
é.highxtransmission grid into the first,the so’ called “transfer quadrupole.

The second grid in Fig. 5 serves as electron mirror and is biased slightly

‘above cathode potential to prevent electrons from ionizing the residual

gas outside the ion chamber. The second improvement achieved by the

introduction of the grid is that the electron density is much higher

- than iﬁia simple magnetron. .because the space-charge limited electron flow

in a coaxial diode is inversely proportional to the square of the anode -

cathode distance. At very high electron currents though, a space-

charge well is formed between grid and anode cylinder, which results in

some spread of the ion energy. Fig. 6 is a photograph of four anodes

of différent materials after several on-line runs. Fig. 7 shows an

~anode chamber with accelerating grid and several catchers of different

‘materials. The recoils enter through the grid covered hole.

To demonstrate the effeétiveness of the electron cut-off, fhe mass -
analyzedfion current of Mo-92 (the mass marker oven was filled‘ﬁith
natural Mo) is plotted as a function of the magnetic field (Fig. 8). The
peak ion current coincides with the cut-off field at 94 gauss indicating

that it:corresponds to the maximum electron path lengths.

L. Technical Details Of The Ion Source
’1As'pointed out in the previous chapter the temperature of the

recoil catcher has to be as high as possible to achieve short diffusion

'-times. Since the:recoil catcher is an integral part of the magnetron anode
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chamber,it was decided to keep the whole at a high temperature. This has
the advantage‘that the residence time ef the gaseous recoil atoms on
the chamber wall becomes extremely short. And for sorme elements we get
a large contribution from surface lonization on the tungsten wall. The
maximum.temperature at which this type of ion source is expected to work
is about 2,7OOOC. The vapor pressure of tuhgsten at this temperature is
b ox 10-5 torr, which at an ionization efficiency of l'A/ﬁorr-WOUIdIYield
4O pA tungsten ion current. At this current the space~charge blowup
would already reduce the transmission considerably. A further difficulty
at even higher temperatures would be to maintain the structural stability
of the ehamber wall,and it would become a problem to control the tempereture
of the magnetron cathode. (At 2,72700 the electroh emission of tungsten
is lHVA/cm?). It was therefore decided to set 2,7OOOC as the upper
temperature limit. At this temperature the heat load on the target from
the maénetron anode is about 80 watts, which is another factor preventing
‘higher temperatures. TFig. 9 shows the ion source with the target and the
extractdr quadrupole. |

The outer housiné'is milled out of one solid piece of OFHC copper
and serves as e spool for the two Helmholtz coils,and‘supports all other
parts of the gource. Cooling lines traverse the whole copper block and’
Iare able to handle 5 kw heat load. The drawing Fig. 9 is in most parts
self:exﬁlanatory. The magnetron anode is surrounded by a filament for v
electrenebombardment heating. The total power available is about‘h.S KW
giving an anode temperature of 2,70000. The heatiﬁg filaments are

surrounded by only one heat shield,so that the target can be mounted close

»
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to the ionizing region. Fig. 10 shows a plot of the heafing power
and the a-counting rate of é separated isotope versus anode temperature.
The ion source will accept recoils that leave the target under
anglgs < ilOO. The holes in the heat shield and,in the magnetron anode,
as well as the target anode distance, are chosen accordingly. The magpetroﬁ
cathode is a hairpin filament made from 0.5 mm non-sag tungstenlwirei
the accelerating grid consists of 0.075 mm‘tungsten Wireﬁ;zo wires.per
centimeter. The anode itself is made out of tungsten; we also have
tried porous tungsten and (for lower temperatures) tantalum. It shou%g
be noticed that all insuiators are "cold" and well hidden from metal

vapors:which could coat them. They'aO'not have to be replaced. All

‘insulators are boron nitride.

The Helmholtz coils,which provide.a uniform.magneﬁic field in the
ionizihg region,are vacuum impregnated with epoxy and encapsulated vacuum
tight in an all—cbpper hqusing. There is no outgassing from the coils.

The Vacuuﬁ system for the ionvsource consists of a liquid»nitrdgen-
trapped 6" diffusion pump charged with IDC 705; The vacuum chamber fbr
the source is fabricated from stainless steel andbhas metal gaskets.
Bake-out is possible but turned out td be unﬁecéssary. The wvacuum is in

T

général 10 - torr and during operation about 10~ ' torr.

5. Operating Principle Of The Quadrupole Mass Filter
_ The transfer quadrupole is the next part of the separator which
the ions encounter as they leave the ion source.

Since the transfer quadrupole is a special case of the more -

' general mass-analyzing quadrupole,we will delay its discussion until a

#
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later chapter.
The following serves as a brief expianation of how an electrostatic
quadrupole field can be used for mass separation.

A three dimensional hyperbolic field is generally described as
2 2. @2

¢ = o, (ox” +By” + yz");

 because of AP =o (Laplace equation)

it follows that ¢ + B + y = O.

In our two-dimensional case, we have chosen

¥ =0

1
and @ = -B= —¢
r 2

o}

so that the potential for vx,y =T is

9= 9,

The electrodes are connected to a dc and a rf potential, so that the
potential inside the quadrupole is given by

© = (U +V cos wt) (x° - yz),}_g

r
o

from this potential we get the electric field in x- and y-direction.

. 2 . ’ .
E. =73 (U + V cos wt)x
@] . .
E = - 2 _ (U + V' cos wt)y
y rOZ s

And this leads immediately to the equations of motion

mX -+ %gg (U+ Vecos at) x=0
o]

]
o

my - EEE (U+ Vcos wt) y
Ty .

m? . =0
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With the follbwing transformations

v 8eU ' o koev
wt = 28, R 1T
mr - . mr W
O. o}

one can see that both equations can be regarded as a special case of

‘Mathieu's equation which in its normal form reads

1] : !
x + (a ~2q cos 2¢) x=0
For g=0 we have the ordinary harmonic oscillator "a" being the spring
constant. The cos term introduces a time dependencé of this spring

constant and it is obvious that if q is small compared to a, stable

coscillations will result, otherwise the time dependent term will dominate

‘and render an instable solution. One gets a more quantitative picture of

these stability problems by looking
at the stability diagram, which for

low a and g values looks 1like this:

All é and q values in the shaded area give stéble solutions for the
Mathieu>equatibn.' For the x direction we have a direct correspondence
between the normal Mathieu éngtion‘and the equation of motion. For the
y direction we have to.replacev |

a8 by -a and we obtain the

following stability diagram:

- For the particle to go through the instrument it has to be stable ih‘x

and v so that the stability diagrams for the x- and y- motion have to be

overlapped.
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The shaded areas give .a and q.valueé for stable particle orbits in thé”
quadrupole.

Referring back to the definition of a and g, and skipping constant |
factors (also frequency!), we have a~U/m and g~V/m; that is,a‘ahd g can be
adjusted by changing the dc and rf voltage (at constant frequengy w).

In a practical-instrumeﬁt one operates always in the upper éorner
of the étability diagram and with a constant ratio U/V. This c§rrespdnds
to a straight line in the stability diagram (Fig. ll). T he U/V
ratio is chosen so that only one ma s s

 n umber gives é n a and q@ pair which 1s
inside the s.ﬁ ability r e‘g i o n. By keeping the

v dc/rf ratio constant butMQarying'fheir magnitﬁde‘simuitaneously,oné

can "push" different masses in the stability region and in this way use
the instrument as a:mass‘analyzer. Fig. 11 shows masé m insidé the -
stability regionsiall other maséés lie outside'dn the line called "maés
scan line". The drawing is layed out so that if m_ Were mass number 18,
N :

1 -2

From Fig. 11 it isobvious that one can

would be 19, m, equal:to 20, m_, equal to 17, m_, equal to 16 etec.
change the resoluti on b y varying the
dc/rf ratio. Lowering the dc/rd ratio means that the mass scan

. line intercepts a wider portion of the stability region and allows stable
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orbits for more than one mass number.
After this brief explanationvof the operating principle of the
mass filter we can compare it with the more commonly used magnetic,

electrostatic or time-of-flight analyzer. It is evident from the equations

of motion that this instrument is & genuine e/m analyzer since neither

the energy(like.in the electrostatic analyzer)nor the momentum(like in

the magnetic analyzer) enters. So even if an ion on a stable orbit

collides witﬂ a rest gas molecule and is not t00 badly knocked out of its
way it will continue through the instrument .(we have operated af pressurés
of lO-lF torr). The input Qelocity of the ion is important only, in so ;
fafjas,to allow for enough time inside the rf-dc field for undesired
particles tp get unstable. .Thé greatest advantage besidéé the Velécity
iﬁdepéﬁdenée is that the resélution can be adjusted from O (scan line'on

q-axis) to infinite (scan line-inﬁercepting the corner of the stability

'region); This is not possible with most other mass separators. A

further extremely valuable feature of the guadrupole is that its

'acceptance ahgle is about ilSQ and the entrance aperture 6.5 mm,which

again compafes favorably with other instruments.

Since at the start of the whole project we did not have too clearly

.an idea what the on-line ion source would finally look like, the properties

of the quadruPOle seemed to be very attractive. Disadvantages are that

it is avsingle;channel5instrument, that it requires rather low energy

‘ions, and that it is a straight-through machine. In the actual

instrument cylindrical rods were used instead of hyperbolic. ones (for

cost reasons) Fig. 12. Their diameter was chosen as to minimize higher
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order multipole components in the-quadrupole field.
6. Computer Study Of The Quadrupole Mass Filter

Before the mass filter was combined with the magnetron ion soﬁrce
it waé studied e;tensively as’a separate unit. It was fpunalthat the
theoretical relationships between a, q, U, V; e/m and the particle stability
were peffectly‘fulfilled,within the accufacy of ﬁhe measurements (v coﬁld
only be measured to O.l%§.

The parameter having the moét influence on the resolution of the
-instrumeht was the‘ion velocity; this is theoretically Well.understood
and beéame quite clear after the behavior of the unstable particles was
studied with a computer. The size of fhe»entrance aperture, which was
thought ,to.have a étrong effect on the resolution,wés found to.be fairly
uneritical.
| jo get a better understanding of the behavior of charged particles,
iﬁ particular their aﬁplitudes in a quadrupole field, a computer program
for thé CDC 6600 was developéd.to solve Mathieu's equation for different
initial conditions. An on4liné Cal Comp plotter draws the particle
orbits in the k,Z— and y,z- pléne as well as a proJjection onto the -
x,y-plane and. a perspective plot.

 Figure 13 shows an example of the computer output. —Thé mass of the
injected.particle is 28 AMU, its energy in z direction 85 eV, the energy
compohéﬁts in x-and y-direction are plus and minus 0.5 eV, the input
loéétions are -0.33, 0, +0.33 centimeters (which corresponds to an
.entrance.aperture of 1/4"). With these three entrance locations and

two velocity vectors for each location,6 orbits are calculated in the
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X,z and in the y,z plane. a and q were chosen so that double focusing
in x and y results. This fepresents‘particlés in stable orbits. :

To show the influence of the rf phase angle at ihe time the particle
is injected into_the quadfupole‘field, Fig. 14 shows the orbits for |
6 different»phase angleé 0, l/3vn, 2/3 7, 10 ¢/3 Ty 5/3‘nf 2 n.* The
particles enter at the center with x’and ¥ energy components of 0.0l eV.
Beside the phase angle, the influence of the radial velocity on the
amplitudé is very obvious, if one compares Fig. 1k with Fig. 13. A1l
other parameters are the same as in'Fig. 13. |

Without changing any bf the parameters of Fig. lB,the mass of the

injected particle was decreased from 28 to 27 AMU and the resulﬁing

particle orbits are plottediin Fig. 15. In Fig. 16 the mass was increased
to 29 AMU, one AMU above the stable mass 28.
Itbis obvious that particles of mass 27 will nof be transmitted
througﬁ thé quadrubole filtér because the field-producing electrodes
limit the maximum excursion to *1.64 centimeter. |
7. The Transfer Quadrupéle_
The connection between the ion source and the mass anaiyzer was

originally accomplished by conventional ion optics consisting essentially

.of an einzel lens and a pair of deflecting electrodes. It turned.out

~however, that this straightforward. approach yielded a very low .

* ’ ' L
. Because of the strong influence, the rf phase angle at the time of the

injection of the particle.. has on its amplitude inside the quadrupole, we
have tried to bunch the injected beam. This about doubled the transmission
and improved the resolution. B ’
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transmission. A computer study'of;the extraction ion optic, for which
Fig. 17 is an example, showed that the ion beah was hollow (which was
expected because of the accelerating grid in the magnetron) and that
the field between the electron mirror and the einzel lens acted strongly
defocusing. Fig..17_is a very simplified case where the iqns are c;eated
in a plane perbendicular to the axis in the middle of the ion soufce.
The computer program solves the particle orbit equation by takipg the
.magnetic field off the Helmholtz coils, the electrostatic field of the
electrodes, and the space charge created by the beam itself into account.
Several‘unsuccessful attempts to improve the transmission of the
ion optical system lead to the decision ﬁo apply the strong focusing
principle_of‘aiquadfupole lens. - Instead of.building an ordinary electro-
sﬁétic-quadrupoie doublet or triplet in which the ion beam;loosely spoken,
is first "squéezed" in x- and then y direction (z being the axial direction),
we found that this . can bé done with one quadrupole, if it is cdhnected
to a rf source instead of de. In this case the ion beam does nbt have
to move from one quadrupole to the next in order to get squeezed in opposite
directidns, but the rf caﬁses the quadrupolé electrodes to chaﬁge
poiafi£y fagt ;npuéh td aéhieve the same effect iﬁ a single step. An
analytiéal treatment of the moﬁion of the ions'in this Quadrupole is very
vsimple since it is a special case of the Paul mass filter with ho dc v
voltage,:correspdnding to a=0 (Chapter S). The_equations of motion there-

fore are:

D

- QX
mx -+ ﬁig Vecos wt = 0

R

e}
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my - EE% 'V cos wt = 0.
r
o

The orbits in the x,z and y,z plane are the same except for a phase
factor.b The- computer program déveloped for the mass filter was used'with-
oﬁt any modifications.

Thé transfer quadrupole acts as a high pass filter for ions. Referring
to the stability diagram Fig. 11, theqcase é:O corresponds to the g axis

being the mass scan line, and only particles with g values between O and

‘ 10.92 will have stable orbits;’”Tﬁis corresponds for a given rf amplitude

V, frequency w and radius T, to a mass range

0.92 r W

The higher the rf amplitude the higher the cutoff for low mass

. * '
:ions. . This is a wvery useful feature, because it allows to cut most of

the béékground ions off, which are caused by the residual gas, and the
catcher material (in the case of low Z catchers). The space charge burden
6h.the beém is thereby greatly reduced.

- It was found that whén the rf was varied to attain'optimum trans-
migsion.of a»certéin mess, distinct maxime were encountered. ‘Fig. 18

shows the ion currents through the mass filter for different ion energies

.as a function 6f the rf voltage. The fact that the first, second, and

third maximum at 120 eV ion energy is occurring at the same rf amplitude

¥ : ’
Since quadrupole mass filters are used more and more 'on-line" with gas

“chromatographs and sputtering experiments, this might be ‘a good way of

filtering out large amounts of He, Ar, etc.. <
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as the seéond; fourth and sixth maximum at 60 eV ion energy, suggests

the following explanatioh. The transmission maxima oécur when a waist

of the beam is located at the entrance apérture of the mass filter. The
ratio of waist toAaverage beam diameter becomes smaller with lower ion
energies causing the small transmission variations shown in Fig. 184.: To
support this expiénation;%he rfraﬁﬁlitudesmfor the four ﬁaxima ih Fié;.l8b,
together with the necessary informations about mass number, energy, and
éeometry of the transfer quadrupole,vere "fed" into the computer which
caléulatedvthe particle orbits. The entrance aperture for the mass
filter was iocated 17.5 centimeters from the starting point of the ion.

The Fig1 19 shows that indeed a waist in x aﬁd y occurs at this‘location.
Fig. 20 shows the particle orbits corresponding to the rf amplitude

at the éecond maximum in Fig. 18b. Again a waist in the x,z and y,z plane
dccurs at about 17.5 centimeters. For the third and fourth maximum

'Fig. 2l and Fig. 22 are obtained.  The waists are far less pronéunced,

' and in Fig. 22 the particle is already unstable; This is also indicated
by the sharp drop in the ion current in thé middle_of the fourth maximum.
of Fig. 18b. In .praxis only the first or second maximum are used for
operating the gquadrupole.

With a slight modification in the rf power supply the transfér
quadrupole can also be used‘fof steéring the ion beamy dc voltages of
oppésite polarity(cbntrary'to,the mass filter!) supérimpoéed on the
rf:are'fed to each pair of opposing electrbdes, sO that the beam can Ee
- deflected slightly. This is very helpful in directing the beam into the

entrance aperture of the mass filter. Fig. 23 shows the magnetron anode,
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extractor- and electron-mirror grid, and the transfer quadrupole.

8. Experimental Evalustion Of The Quédrupole Mass Filter
The guadrupole mass filter which was built fog the on-line_isotdpe
-geparator haé the following parameters:
| rf frequency (comstant): /2 m = 1.000 MHz
Géometric field parameter: r_ = 1.6418 cm
Radius of the quadrupolé electrodes: R = 1.8915 cm
Ratio R/ro for minimum higher order multipole éomponents: R/ro‘= 1.152
Iength: L = 57.5 cm |

T8X_ 105 eV

Maximum ion energy for unit resolution: (me= lAMU): E,
Mass range: 0-300 AMJ |
| Resolution: m/&n = 250 (deéign value )
To test the'resolution,BO eV Xe ibns were injected'into the
quadrupolé. Figure 24 is a plot of the current at the Faraday cup versus
mass‘numbér: .The resolution is m/ém.= 850. The-iéotopic abundanées

are not reproduced correétly, because of slight inaccuracy in the tracking

- of the rf and dc voltages. This effect disappears at lower resdolution

and is of litﬁle importance'in én isotope separator.

‘Mbst tésts‘conéérning the performance of the:quadruPOIe 45 a mass -
spéctfometer'were made with a 20 stage photo multiplier, countiﬁg the.
tr&néﬁitted ions énd,storing the number of counts in a multi-chaﬂﬁel

analyier which was operated in the multi-scaler mode. The stepping of £

 the MCA was synchronized with the mass scan. Fig. 25 shows a typical .

spectrum obtained by pulse counting. It should be noted that even at

R

low resolution the interference of adjacent peaks can be made small. Futher-
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more the logarithmic display in Fig. 25 is a good démonstration of the
peak asymmetry which is a basic artifact of all guadrupole- and monopolg-
mass filters. To understand this we have to refer back to the stability
diagram Fig. 11. It should be remembéred that on the mass scan line
m > m, > m_i. If one wants to bring a larger masé,say ml,into the
"stability'corner",ﬁné hes to increase the rf and dc voltages U V. Mass
m1 then enters the stable region under a very flat angle so that noise
on the rf and dc produces a large "noise" in mass‘number; which results
in the flat slope of the masé peaks on the side of the lower mass (in
this case‘mo). If one increases the rf and dc voltages further mass m1
leaves the stability region nearly perpendicular to the stability
boundary where rf and dc instabilities have little influence on the mass
number; which thus results in a steep slope of the mass peak on the side
of the higher‘ mass (niz)., The stability of U and V is 3x10'u; the
stabiliﬁy 6f the frequency is lJclO—6. The éngle of entrance into the
stability'diagram would not have any influence on the slope of the mass
peaks if the rf.and dc voltage as well.as the ffequency were ébsolutely
stable.
9. Performance‘Of The Complete Separator And On-Line Runs
Several tésts of the completé separafor were made beforé 1t was
installéd,at the accelerator. 1In particular one would like to determine
the o§er@all efficiency. In other words, what is the chance of a
recoillétom ieaving the térget, to get into the ibn sdurce; to defuse»
out of fhe catcher before it decays, and to become ionized, to be trans;

fered into the mass filter, to get through the mass filter and to be
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deflected onto the detector? Only very few of these variables can be
theoretically deduced with any degree of confidence, and they will vary
widely; whereby the following parameters are linked together:
1. The type of nuclear reaction will influence the recoil energy .

\

and consequently the penetration depth into the catcher and the diffusion

times

2. The type of nuclear reaction and the target thickness will
influence the absorbtion>in the target and the angular spread of the
recoils.

3. The kind of element that is produced in the nuclear reaction

!

will influence the diffusion out of the catcher and the probability of

electfon bombardmént-and surface ionization.

L. The transmission thaf caﬁ be achieved through the quadrupsle
mass anaiyzer depends on the mass number of the isotope to be studied.

Preliminary resdlts‘concerning these four points are:

1. Sm bombarded with 166 MeV 016 produces among other nuclei
Yb 154 with a half:life of 0.39 secondsg). The recoil energy is 15 MeV.
By comparing the yield for Yb lShiwith the yield for longer lived
isotopes made during‘the samé bombardment and taking into account the
feduced_cross.section, it was found +that no holdup due to slow diffusion
in the catcher caﬁ be observed at this half life.

2. sFrom measurements of the angular spread of recoils by
bonoyan st al}P), it can be estimated that with the present geometry about

SO% of the recoils enter the ionization chamber.
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3. The sensitivity of the magnetfon ion source is easily

established for gasses. Using common gasses like N COZ’ He, Ne,

2’ O2’
Ar, Kr, and Xe it was found that the sensitivity varies between 2 A/torr
and 20 “A/torr.

‘It has to be realized, however, that the pressure inside the
ionization region is ﬁot known precisely. 'We.therefore used another
indepéndent method to establish the sensitivity.

A émall piece of Mo wire was put in the ionization chamber and the
temperature raised to 1981O K. The resolution of the mass filter was
ad justed so that all Mo isotopes were transmitted. This resulted
in an ion current of SOnA, The vapor pressure of Mo at 1981o K is
1.4 x_.lo-7 torrll). .If one assumes a loss of about 80% at the entrance .
apertﬁre of the gquadrupole, the extractof grid, and in the transfer
quadrupole, the seﬁsitivity of the ion source is about 1.5 A/torf. This
experiment wés repeated at different temperatures. A sensitivity of
2 A/torr is equal to an ionization efficiency of about l%. The weak
point of-this method is thaf an error in the temperature measurement
results in‘ablarge error in fhe vapor pressure and consequently in ‘the
sensitivity.

Therefore a third determination of the ionization efficiency was done
with Amthi. A knbwn amount of activity was placed on a small platinum
disc, which then was{spot welded'onto the inner wall of the ionizafion
chamber;'moderafe heating released the Americium. The ionized portion
of.the éctivity which wa; extracted out of the ion source was collected

on a plate and counted. After a correction for the neutral particles
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that might have reéched the collectbr the ratio of the activities gawve
an ionization efficiency of 3.5%.

All measurements were taken with the following operating pafémeters
of the ion source:

Magnetron anode voltage: Ua = 250 V

Electron current measured at the cathode; Ia = 500 mA

Extractor voltage: Uex =35V

Electron mirror voltage: Umirr = 300 V

Ton energy: Usion = 80 Vv

Magnetic field: H = 100 Gs (approx.)

.Figure 26 shows schematically-typical potentials at different parts of
thé separator. (The current ﬁalues indicate the upper 1imité of the
power supplies,)

4., In the present guadrupole analyzer the transmission has tp be

reduced to about 1% to obtain less than 1% interference from adjacent

-peaks at mass number. 150. This is demonstrated in an experiment where

Sm 152 was separated from natural Samarium (off line).

The mass marker oven (see Fig. 5) was charged with natural Samarium.

~ and heated so that the ion current at the Sm 152 peak was about 20 nA.

The adjustment of fhe proper iesolution necessary to separate Sm 152 was

‘done«by bbseriing the spéctrum Fig. 27. The ion current onto the Earaday
"cuplwaé'amplified, _fed into a current-to-frequency converter, "stored" in

'a @ultifchannel analyzer, and transferred onto a tape. The plotting of

-the épegtrum was done by a computer. After stopping the scanning of the

-spectrum and adjusting the mass filter for mass 152, a current of 10 nA



UCRL.-18463

- 28 -

Sm 152 was defiected onto a 1" platinﬁm collectér which was located at
the position of the alpha detector in Fig. 3. 53 ng Sm 152 was collected.
The sample was submitted to our mass spectrdmeter group which analyzed
it with a magnetic mass spectrometer. The result is showﬁ in Fig. 28*.
The separation factors1L are 224 for Sm 154, 820 for Sm lﬁ9, and 860 for
Sm 147. The other isotopes cannot bé'used,té calculate separation féctdrs
because of possible interference from other rare earths; These separation
factors can be considered satisfactory for most on-line‘ﬁork; " They might
have been even better, considering that there was an accident during
" the Séﬁaration which involved natural Samarium atoms. |

-In conclusion the following very preliminary eétimate of the owver-
all transmission of the on-line separator can be made.

1. Transfer of the recoils into the ionizing chamber: my =_5xlO-l
- 1x1072

2. TIonization efficiency: n,

1

3. Extraction from ion source, transfer, and collimation: = 2x10°

3
L. Transmission of the mass filter (at mass 150): n), = 1072

. A _ - -5
Total transmission: 1 = nln2n3nu = lx}O
This figure has to be compared with the actual figure deduced from
on-line runs.
For the first on-line runs we chose the reactions Sm(Cl2,xn)Er, Sm(N1k,

sn) Tm, and Sm(016,xn) Yb. With full energy beams (10.38 MeV/nucleon)

% =
Thanks to Maynard Michel who performed the analysis.

T : '

. The separation factor is defined as the ratio of the natural abundance
of an isotope versus the abundance after separationy both ratios taken
with respect to the isotope to be separated.

L
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and x equal to 6,7,8,‘or 9, alpha-emitting isotoﬁes of the rare earth are
produéed. They require only a simple surface bérrier detector for unambiguous
identifiuatiou by their G-decay energy and half 1life, and have high
enough mass numbers to prove thé usefulness of the mass filter.
| Figure 29 shows the result of the separation of Er 152 which.has‘au

half life of 10.7 seconds. The lower part of Fig. 29 is the alpha
spectrum of the reaction Sm 147 (Clz;xn) taken with a wide transmission-
range of 150 £ 10 AMU. 1In the upper portion the mass filter was‘tuned
for mass 152 and unit resolution. Ho 152 and Er 152 are now the major
peaks. There 1s a slight interference from Er 153. The counting rate
for Er 152 is about 2 counts/minute.

Aséuming a cross section of 10 mb for the reaction Sm 147 (€12, Tn)
Er 152, a carbon 12 beam of 2"uA, and a target with 1 mg/cm? Sm lMY;
the formation rate for Er 152 is 4 x 10° particles/minute. This
cqrrespOndé to a total transmission of O.S X 10-5, and compares favorably
with'the'Calculated.transmission, if one considers a certain amount of
absorption in the target itself. |

Figur¢é>30, él, and 32 show the cohplete iou source, the target
with the mass‘murker oven, and a microphotpgraph of the graphite felt

used for stopping the recoils.

10. Summary And Conclusions

It has been shown in this paper, that/the unusual combination of

. recoil target, efficient electron bombardment source and a Paul mass

filter can be uSedbas an on-line isotope separator. Diffusion times

'bin hot solid catchers are short enough to study sub-second isotopes.

\
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Without altering the principles, by mere changes in geometry a
factor 100 could be gained in over all transmission. These changes
would include all main parts of the separator, ion source, transfer
quadrupole, and mass filters.
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l2. Figure Captions

Chart of nuclideg. Black squarés fepresenting‘stable isotopes,
open squares known fadioactive isotopes. Lines Bp=0 and Bn=O
show the position of nuclei with zero binding energyvfor the last
proton or neutron respectively.l

Possible wayé of on-line isotope separation.

Thé HILAC on-line isotope separator.

Anode current of a simple magnetron as a function of the magnetic
field, for different anode voltages.

The magnetron ion source (schematic).

Megnetron anodes after several on-line runs. (left to right;

top row) 0.25 mm tungstén; porous tunsten, (bottom row) tantalum,
0.13 mm.tungsten.

Magnetron anode with accelerating grid and catcher. Different.

catcher materials in front. (left to right) graphite felt, graphite,

porous tungsten;

Ion current after mass separation as a funcfion of the magnetic
field in the maghetron source.

Cut-away view of the magnetron source. .
Alpha counting rate at the alpha detector (see Fig. 3), and heating

'power as a function of the temperature of the magnetron ancde.

(Catcher: graphite felt).

Stability diagram for the quadrupole mass filter.

rTﬁe;rod structure for :the guadrupole mass.filﬁef. (Total length

between insulators 50.80 cm),
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13. Computed stable orbits for 6 partiéles in the quadrupole filter.
Top: projection of the orbits on the x,y-plane, Middle: x-component
of the varticle orbit, Bottom: y-component. Particles differ in
input vector. Mass: 28 AMU.

1L, Five particles injected into the quadrupole at different rf phase
angles. Mass 28 AMU. |

15. Example for instable particle orbits. All parameters the same
as Fig. 13, except Massf 27 AMU.

16. Same parameters as Fig. 13 but Mass: 29 AMU.

17. Computed particle orbits in the extraction region of the magnetron
source.\_Extractor potential: 50 V, electron mirror: 50 V, Helmholtz

- field: 100 Gs. Dotted lines are equipotential lines.

18,(a);(b),(c),(d). Ion current through the transfer quadrupole as a
fuhction of the rf Voltage on the quédrupole electrodes, for different
ion énergies.

19.'Paftic1e orbits through the transfer quadrupole at a rf voltage
corresponding to the first maximumvin Fig. 18b.

20. Same as Fig. 19 except rf Volﬁage is higher (2nd maximum in Fig. 18b).

2l. Same as Fig. 19 except rf voltage is higher (3rd maximum in Fig. 18b).

22. Same‘as Fig. 19 except rf voltage is higher d4s in all previous.
casés (4th maximum in Fig. 18b). Particle is in a instable orbit.

2k, High resolution mass sﬁeétrum of Xe. Ion current measured with a
faraday cup.

25. Low.resolution Xe-spectrum. Jon pulse counting with 20 stage

multiplier and MCA storage.



26.

27.
28.
29.

30.

31.

32,

UCRL-18463

_33_
Electrical potentials at differént parts of the on~line separator.
(Arrows with ciréles indicate &ariable'and regulated
power éupplies.
Mass spectrum of natural Sm as used for seéarating Sm-152 (refer
to Chapter 9). 4
Mass spectrum of separated Sm-152 sample,~as analyzed wiﬁh a magnétic
mass spectrometer. |
Alpha spectrum of Sm(Clz,xn) bombardment (bottom). Same spéctrum
after turning on mass fiiter for separating mass 152 (top).
Exploded view of the magnetron ion source;‘ (With "old" ion optics!).
Target holder. _Left: beam side. Right: ion source side with
heaﬁ shield and mass marker oven.‘

Micro photogrephy of graphite felt catcher.
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, 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 information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, 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 Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.



