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Abstract: TheMISTRALproject (Mass measurements at ISaldeng a Transmission
RAdiofrequencyspectrometer on-Line) is scheduledbiegin experimentsowards the
end of 1996. Withhigh resolution (16), potentially highaccuracy (5x 107) and
excellent sensitivity(10 s'), the MISTRAL spectrometer promises to provide needed
mass measurements in regions of very-siv@t nuclei. The spectrometer operation
principlesare described anddiscussion concernirttpe interest ofisinghighly charged
ions is presented.

1. Introduction

The precise determination of atomic masses has impaoataificationsfor metrology, atomic
physicsweak interactiomphysics as well as nuclesiructure andtellar nucleosynthesj4,2]. The
latter twocases require accurate measurements of radioisotepear from stability inorder to
provide stringent tests for nuclear mass models. This alleeducidation of new nucleatructure
and dependable predictions for massesodinelrnuclear properties faruclei atthe limits of particle
stability and beyondReliablepredictions arerucial for stellanucleosynthesis scenarios as some of
the processes involve nuclides that may never be produced in the laboratory.

Penning traps offer the most accurate ass determinations by measuring cyclotron
frequency of ions confined for long periods in a very homogenous magnetic field. This premides
high resolution with accuraciestier than ongart in 130 [3,4]. Even béter resolution igpossible
by usinghighly charged ions due to their correspondirtgsher cyclotron frequency [S]However,
these measurements anade using stable ionic specié&hile the antiproton mass measurement at
LEAR, CERN [6] has provided &est of CPTinvariance to one pplising a Penningrap, the
ISOLTRAP program at CERN7], has now brought thpower of thePenningtrap to nuclear
physics with measurements of unstabte Sr, Rkand Fr isotopes to tHevel of 0.1 ppmincluding
the first resolution of arsomericstate by mass spectrometry [8]. ndw Penningrap system is
currently being developed at Chalk River Nucleaboratories in Canada for mass measurements
using laser-desorbed radioactive ions [9].
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In general, masses of unstable isotopes are meassiggl nuclear reactions and decays
(Q values) and by various techniques of direct mass spectroméighaind low energiesWhile
some decay methodsy@neasurements faxample producevery accurate masdifferences, they
can be somewhat prone systematicerror if notclosely linked to a well-knowabsolute value.
Furthermore, incomplete knowledge of the decay scheme, especially in the caseeaisQrements,
can have adverse effects. Mass spectrometry generally provides a series of systematic and somewhg
independent measurements performed with accompanying calibrations. These measurements are
carriedout "on line" atisotope- or fragment-separat@acilities where theions to be measured are
transported to the spectrometer abeam. Such measurememte ultimately limited by the
productionyield of the separatdacility combinedwith the sensitivity ofthe apparatusSeveral
mass spectrometry programs exist at varidasilities.  Of these, only one still uses
electro/magnetostatic techniques and is complemented by radioadvitification [10]. Other
experiments determinghe mass fromime-of-flight, such asTOFI at Los Alamos [11], SPEG at
GANIL [12], and a novel technique developed at GARliat lengthensthe flight time using the
multiple turns of ions in a cyclotrofi3]. Finally, some methodsely onthe inhesntly accurate
measurement of the cyclotron frequency, as irPgmningtrap systems mentioned above. Also, a
new program at GSI provides high accuracy mass determinations using the Schottky pickup signal of
ions circulating in the ESR storage ring [14].

2. The MISTRAL Spectrometer

A new mass measurement proj@dtSTRAL has recently been approvedl@8OLDE which
uses a radiofrequencgor Smith-type) transmissiorspectrometer to determine the cyclotron
frequency of an ion during ghort trajectory in a homogeneous metgnfield [15]. MISTRALwill
complementSOLTRAPby concentrating on the very short-lived nuclei that become more difficult to
measure accurately in the Penning trap due to the long storage times that are required.

A schematic diagram dheion trajectory envelope e MISTRALspectrometer is shown in
figure 1. lons are injected into the spectrometer aedically deflected sdhat they make two
helicoidal turns inside the magnetic field. Theinciple of the measurement technique is the
determination of the cyclotron frequency usiwg successive modulations thfeion kinetic energy.
lons for which the net modulation is zero - the resonant condition - are transmitted through a narrow
slit after thefinal turn. High resolution is obtained hyerforming this modulation with a
radiofrequency voltage. The ions are exactly demodulated after one turn if the mothelqtiency
uiE Satisfies the following relationship:

wre =[n+ ] we ®

wheren is an integer harmonic ang is the cyclotron frequency of an ion of masand charge in
the magnetidield B given by: we =gB/m. This idea is illustrated in figure Byr which the value



n =1 is taken as amxample. Thushe spectrometer is used as a type of clockdbtrmines the
slower cyclotron frequency usittige faster radiofrequency. Tiialue ofn determines theesolving
power of theinstrumentR, given a certain diameter modulatibp, and slit sizev, according to the
relationship:

R= 21TnD—m 2

w

The RF is scanned, resulting in tthetected signal shown figure 3 forn = 1500which shows a
resolvingpower of over 500,000.This signal wasecorded with &slit size of 0.2 mm and a 1%
amplitude modulation of a 200 kV beam ofibhs.

The layout of the spectrometer, as foreseen at ISOLDE, is shdgara 4. A reference ion
will be injected alternately with the unknown mass from the ISObBdinline toavoid systematic
error due tdong term drifts of the magneticefd. The unknown mass is then determined from the
reference mass from the ratio of their measured cyclotron frequencies.

3. Potential MISTRAL Performance
A: Initial configuration

The MISTRAL spectrometer is currenthgingadapted fomeasuringover the wide range of
masses produceah-line atiISOLDE. The spectrometer acceptamas been enlarged usisigs
0.4 mm wide by 10 mm high. When this acceptance is comparedthgittmeasured ISOLDE
emittance of 32tmm mrad, a transmission about 1% is obtained.Taking into account the
background of the detector,s@nsitivity ofabout 10 atoms/san be expected. The modulation
amplitude has been chosenlds, requiring an RF voltage about 300 V for the 60 kV ISOLDE
beam. The resolving power of the spectrometehisnconfiguration, il be greater than 0 This
allows good transmission and is sufficidat eliminating isobariccontaminants. The expected
accuracy requires the evaluation of three contributionsertberesulting from thenstability of the
magnetic field, the statistical error, and fystematic error. The magnetield variation has been
measured as %108 on a time scale of somgeconds. Assuming500 counts in the peak, the
statisticalerror is 2x 1077. The systematierror has yet to be evaluatedt we estimate aoverall
accuracy of 5 107 (i.e., 50 keV forA = 100) in most cases.

Being a transmission spectrometer, a consequence of measuring the mass of a certain isotope is
that the detectembns are effectively a purification ofthe incidenbeam. This enablébe detection
region to be used for auxiliary measurements such as nuclear spectroscopy to study decay modes an
nuclearlifetimes on isobarically-pure samples. dases where isomeric mixturasgee present, it is
intended to perform such complementary spectroscopyder todetermine theelative intensities
and lifetimes to accurately fit the detected mass peak.



Since the time of the measurement amly limited by the time-of-flight through the
spectrometer (about 50s), thelimit on measurable nucledralf-life will be determined by the
release time of the ISOLDE target. Furthermore, the measurement procedure is duacteasal,
with no collection or secondary ionization schemes necessary.

B: Incident Beam Cooling

As the spectrometeransmission depends e slit size(and therefore, the resolution), it is
important to have amallemittance. In a second phase of operationptasned tancorporate a
beam coolingstageimmediatelypreceding the spectrometerdrder to reduce themittance of the
incident beams. This bearooler could take the form of eitherPaultrap [16] or a quadrupole
mass filter using collisional focusiffj7]. Currentestimates fronmwork developing Paulraps and
mass filters as beawgollectors and coolers [18] indicatieat a reduction ilbeam emittance of an
order of magnitudemay bepossible. This meanthat, with the corresponding increase in
transmissionthe spectometsensitivity would be suchthat measurements of nuclidggsoduced
with yields of 1atom/s would be possible. Alternatellye exitslit sizecould be reduced from the
present 0.4 mmenabling higheresolutionwhich would be usefufor isomeric mixtures. An added
advantage of a cooler is tledimination of any systematierror contributions due to thdiffering
origins of the reference and unknown ions.

C: The Interest of highly charged ions for the MISTRAL project

While the MISTRAL spectrometer has been designed to queeticallythe entire ISOLDE
massrange, the separator voltage must be reducextdar to accomodate thHeeaviest isotopes
within the linearrange of the spectrometer's magnettdfi The spectrometer operating parameters
corresponding to four different mass ranges are listed in table 1.

For heavier ions to circulate thhe spectrometer at tliged radiusr (of 0.5 m), themagnetic
field, B must be increased to compensate for the highermyasxording to the following relation:

5.1 [2vm -

r q

However, at a certain point, thield saturates and inorder to conserve thixed radius, the ion
acceleration potentiay must be reduced, as seen in table 1. In principle, this pose®joo
problems however, in realitghe increased emittance of teamwill not only makeseparator
adjustment difficultbut also deteriorate treensitivity ofthe spectrometer. An alternativethis
situation would be to increase the chastpge,q in order to keep théeld within its design value

and in turn, preserve the nominal value of the accelerator voltage.

Another important fact, relevant for adapting the spectrometer for use over a large mass range,

is that the RF modulator geometry depends onidhe velocity insideghe spectrometer.This



explainsthe fact that for each of the four mass ranges showable 1, there is a corresponding
modulator geometry consisting thie accelerating gapg.and the electrode drift lengtth,as shown

in figure 4 (lower right). The gapsemade asmall aspossible tomaximizethe uniformity of the
modulatingfield whereas the drift length depends on ithre velocity as well athe RFrequency.
Since two ground electrodes are needed to properly define the modulating field, each modulation is a
result of thaon crossingwo gaps. In order to ensure that tiw® accelerations doot cancel each
other in thefirst passage through the modulaimust be long enough to let at least one RF cycle
elapse before the ion reaches the second gap. This idea is illustrated in figure 5. The auuhy of

is equal tov(k + ¥2)/fre wherev is theion velocity andk is an integerhich should be asmall as
possible to conserve isochronism. Higher modéscofrespond to a longer distartbatallows the

RF to oscillate through more cycles, as shown in figure 5.

By using ions of higher charg&ates, it ispossible toreduce thenumber of modulator
geometries to oneThis would greatly increagbe versatility ofthe spectrometer as no intervention
would be required between measurementslifiering massranges. Listed in table 2 are the
corresponding charge statescessary for one modulator geometrg ef0.5 mm andi = 3.36 mm.
Note alsahat the magnetifield is keptwithin its linearoperating range and the ISOLDE separator
voltage is maintained at its nominal operating value for each mass range.

The question naturally arises asth® source of suchighly charged ions as there is no
capacity for such in the ISOLD&urce. The answer could be found in anotbeently approved
experiment calledREX-ISOLDE (Radioactivebeam EXperiments atSOLDE) [19]. This
experimentwill include a Penningrap beam collection and coolingtage followed by an electron
beam ionsource (EBIS) that will providaigh chargestates (up to 4) for isotopes produced by the
ISOLDE target. REX willthen post-accelerate these ions to perform coulomb excitation and
neutron transfer experiments. The proposal ialdadesthe possiblity of a switchyard d@he output
of the EBIS in order tdurnish highlycharged radioactive ions fotherexperiments [19,20]. The
EBIS could also be used to provide the reference massllagliminating any systematerror due
to different ion sources for the measurement.

As outlined in the REX proposHl9], theoverall efficiency ofthe charge statereeding stage
should be greater thel0% and the totadollection and breeding time less than 50 rit$ie time
delay isnot too serious as it is theameorder ofmagnitude as the ISOLDE releasee meaning
that isotopesvith muchshorterlifetimes will not diffuse out ofthe target iranycase. Furthermore,
the cooling process in theenningtrap is highly massselective sahat thebeam will be greatly
purified. Onthe othehand, the loss 0% of thebeam in chargstatebreeding will have to be
balanced againghe gains made usin@ighly charged ions. Rather thatefinitively improving
spectrometer performance, highly charged ions would make it more adaptable.



4. Conclusion

The MISTRAL experiment W commence its measurement program at ISOLDE in late 1996.
MISTRAL promises to provide a wealth of new and accurate rdats for very short-lived
isotopes. This will contribute towards themprovement of nuclear mass models wifik ultimate
goal of reliably predicting masses asttier properties afiuclideslocated on the astrophysiceéllar
nucleosynthesis paths and out to the limits of nuclear particle stability.

There are more than 3@dionuclidegproduced at rates greater than 10 atoms/s (according to
the older ISOLDE SGields) and withhalf-lives of lesghan one second fawhich no measured
mass values exist.Another 50 isotopes exists favhich the rass values can Isgnificantly
improved, representing a healthy long-term measurement program for MISTRAL.

In a second phase, an intermediate incideatn coolingstage iplanned inorder toaugment
the spectrometesensitivity orresolution. There are alssignificant potential benefitfor the
program if a source of highly charged ions were made available.
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Figure Captions

Figure 1:

Figure 2:

Figure 3:

Figure 4:

Figure 5:

Schematic view ofhe ion trajectory envelope ime radiofrequencynass
spectrometer. Thmens followtwo turns in the maggtic field: injection of one
half turn, modulation and demodulation over doen, and extraction through a
narrow slit after the final half turn.

Relationship between the cyclotfeguency (represented by a projection of the

ion displacemenbnto thediameter of the trajectory) and the R#odulating
voltage of ions in both resonant and non-resonant cases. In this example, we take
n=1in equation (1) such thaj; =3/, ux, for the resonant condition. Tlefects

of the kinetic energy modulationare suchhat, in resonancémiddle), the
modulation and demodulations (dasHees) over one cyclotron orbitancel
whereasout ofresonance (below), thens deviate fronthe fixed trajectory as

the net modulation is not zero.

Detected signal of a 200 kbeam of H ions transmittedthrough the

radiofrequency spectrometer as a function of moduldtegyency showing the
peak corresponding to th@rmonicn = 1500. The data arfé to a symmetric
triangular peak yielding a FWHM of better than 500,000.

Overhead schematic viewtbé MISTRAL spectrometer with thaetail of the
modulator shown at lower right. The unknown mass is determined by alternately
injecting a calibration mass from a reference smurce and comparing the
cyclotron frequencies. A detection chamber located thigdinal slit also serves

to perform nuclear spectroscopy on the transmitted (filtered) ion beam.

Relationship between the modulator geon{étgy) and the RF voltage signal.
The drift length,d is calculated (based on tlen velocity) suchihat the ion
experiences a net acceleration overtihe field gaps shown by the dashiates.
(middle) case wherthe RFoscillatesover onecycle (modek = 1) and (below)
where the RF oscillates over two cycles (mode?).

Table Captions

Table 1:

Table 2:

Mass range of the RF mass spectrometer with the corresponding ISOLDE
acceleration voltag®, and MISTRAL operating parameters for thmagnetic

field B, the corresponding cyclotrdrequencyfe, and correspondingarmonic
numbern, giving aresolution of at least 100,000. The last thoedumns
describe the modulator geometry (see text).

MISTRAL operating parameters and the corresponding céiatge required
to cover the indicated mass range with a single modulator geometi.% mm
andd=3.36 mm). The ISOLDEseparator voltage doest change and the
magnetic field is well withirits linear region of 0.1-0.9 T. Notkat to keep
within the bandwidth of the R&mplifier (250-500 MHz) the modulation



frequency forthe firsttwo cases corresponds to the modulator miodel and
the last two, tk = 2.



o o =

mass | V (kV) B (T) fc (kHz) n g(mm) | d(mm)

7-28 60 0.2-0.4 410-205 1220 0.5 3.36
23-92 60 0.3-0.7 225-115 2217 0.5 1.63
84-200 60-40 0.6-0.8 120-60 423( 0.4 1.44
170-250| 45-30 0.8 70-50 5160 0.4 1.13

mass | V (kV) B(T) | fec(kHz) | fre (MHZ) n q

10 60 0.22 343 418 1220 1

40 60 0.32 242 296 1220 2

160 60 0.52 148 302 2035 3

260 60 0.57 134 273 2035 4
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