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Details of the MEBT desigare presented in a cqanion
Abstract paper [2.

The *He RFQ linac for production opositron-emitting
radioactive isotopes accelerates singly-ionizé€ ions to CHARGE STRIPPER

an energy of 1 MeV in a 212.5-MHz RFQ. The ions afe gas-jet stripper was chosematherthan adifferentially-
then stripped to forndoubly-ionized®*He™ in a gas-jet pumped gas cell, for the following reasons.

stripping cell,andtransported bythe MEBT to the 425- 1. It is desirable tanaintainpressure inthe RFQ and
MHz RFQ stringfor acceleration t010.5 MeV. The the MEBT as low as possible Becausethe gas is

stripper cell utilizes a mechanical injector poovide gas flowing in a jet the pressure for a given ghnsity
pulses to a nozzle. Tldirectedgas jet passes across the in the stripping region is much lower than for a static
beam into a scavenge section which purapsythe gas. fill. Thus it is easier to keeghe stripper gas out of

The MEBT is an achromatic, isochronous transport the RFQ and MEBT.

section based ontwo 270-degree bendmagnets. It 2. Expectationsre that a static-filled celwill suffer

provides bunched and focuskdam to the 425-MHz RFQ from significant beam heating of the gas. As a result

string. the gas density may vary duritige pulse as the gas

is heated. Thus the pressure in a cell would have to

INTRODUCTION be increasedfrom that sufficient to strip a low

intensity beam.

By operating with gulsedgas jetsynchronizedwith

the beam it is possible turther reducethe gasload

on the stripper pump.

automotive-type fuel injector (Nissamrovides gas

pulses to aconverging-diverging nozzle. The injector

A Fermilab/SAIC collaboration has been developirigia 3

RFQ acceleratorfor production of positron-emitting
isotopes for positron emission tomography (PET).[1] The
acceleratoconsists of &He” ion source, dow-energy ap
beam transport (LEBT) line, a 212.5-MHadio-frequency

quadrupole(RFQ) to acceleratéHe” to 1 MeV, a gas g idesaveragegas flow rates in excess of IRorr-
stripping cell, amedium-energy beartransport (MEBT)  jiter/sec in pulses 0f300-500us duration at up to
line, a string ofthree 425-MHZRFQs toacceleratéHe™ 355 Hz;. A MDSFET-based pulser delivers V, 200-
to 10.5 MeV, and ahigh-energy beam transpdiEBT) 3005 pulses to the injector. directedgas jet of line

line to the target. The beam is produced in macropulsegg sity approximately 3-6 x 10cm?’ is created at the

up to 70us long, at up to 360-Hz repetition rate. Thﬁ@zzle. It passes across the beamd is directednto the

ion source produces about 25-mA (peali) of singly-ionizg avenge section. The flow rate of the gas is sufficient to
He. At low energy a doubly-ionizetHe™™ beam ions is revent excessive heating of the gas by the beam. A

difficult to generate in aonplasma strippebecause of g;nnificant fraction of thaniectedaas is pumed awa
charge-exchange processes. The approach talgadace b(gtween beam pulses ] g pum y
a’He™ beam is toacceleratéhe *He" beam to 1 MeV in '

the 212.5-MHz RFQ. At this energy, a stripping

efficiency in the range of 80% can beachieved in a gas : ‘
stripping cell. At anenergy of 1 MeV and an average
current of several hundred?\, carbon foil strippergare not
expected to survive the high power density. In the stripper
cell and beyond, the beamapidly debuncheslue to the
large (1.7%) velocity spread coming out of REQ. As

a result the beam must bebunched. Initially the ‘ ‘ ‘ ‘
acceleratoutilized an RF buncher to rebunch the beam. ° os : S 29

time [ms]

Difficulties were encountered inperation of thisdevice, Figure 1. Yield of He' (dashed) and He(solid) beam in
probably due to the large number offree electrons the Faraday collectors as a function of stripgelay time
streaming from the gas stripper cell. Thus the MEBT WgSthe prototype stripper cell for argon gas at 60 Hz.
designed to be a purely magnetic achromatic, isochronous

beam line. Free electrons from the stripper cellamyer A prototype stripper cell was built tdetermine efficiency

may in fact be necessary foits efficient operation. capacity inthe prototype cell was 1000 Torr liter/sec. A

Species fraction
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magnetic spectrometer that bends the 1-MeV &tel H&" operation. Todate, electrical beam currents of up to
beam ions into Faraday collectorsb@ndangles of 11.5 21 mA have been observed at the end of the MEBT.
and23.6° respectively, wasised totest operation of the Measurements of beam profile by scanning theam
gas jet. Stripping efficiency was determined by measuriagross asingle wire were made beforand after stripping

the relative distribution of beancurrent onthe two the beam in the prototype spectrometer chamber. No
collectors. Typicalperformance isshown in Figure 1. measurable beam size increasejplying negligible
Under these conditions (argon gas at 60 Hz),ptiessures emittance growth, was observed. A general calculation of
were about 3 mTorr in the stripper turbo region, aboutti2e small-angle multiple scattering of ions in a taget
mTorr in the stripper top sectiomnd 2.5 puTorr in the can be found in [3].

RFQ. The stripper cell was analyticallyjnodeled by

calculatingaperture conductancekroughout thestripper MEBT

andincorporating these numbers into an ANSYS finite- .

element model. The measured operating pressveges in “The MEBT was designed to transpartdmatch thebeam
agreement with predictions from the model. Sevgazks to the 425-MHz RFQ 's.trmgfocuseq to asmall spot
were tested in the prototype cell: Ar, \kr, CO,, and He transyerselyandwﬂh minimum Iopgltud!nal extent. It
in order of decreasingtripping efficiency. The best Was instrumented for commissioning by:

striopina efficiency was obtained with arqon ching & current-monitor toroid$ocated beforethe stripper,
ov'eﬁpéo%/o. cleneyw I " gon ge=ening after the stripper, and at the end of the MEBT,

b.  multi-wire profile monitors at thentranceand exit
of the first 270 magnet, at the entrance of tbecond
2 ; ; ; ; ; 270> magnet, and at the end of the MEBT,
c. an emittancescanner athe end ofthe MEBT for
emittance measurements, and
5L @ ] d. electron suppressers in the cross-over arm.
o . At the conclusion of low-intensity MEBT
e j commissioning, the profile monitorsrere removed
sp 3 and replaced by Faradapertureplates, whichwere
‘ ‘ ‘ ‘ ‘ designed toskim theedges oftthe beam, providing a
o 00 o002 0003 0004 0005 0006 minimally interceptingmeasure of beamosition in
. Steper Pressure [Tord . _ the MEBT.
F|gure 2. Current throu_gh MEBT toroids as a function gf,o profile monitorswere used to measutie beansize
stripper pressure for nitrogen gas at 360 (ég,before 5 \arious locationsand to ensurethat the MEBT was
stripper, (b) after stripper, (c) at end of MEBT symmetrical in operation. The emittance scanner was used
, . to verify that the emittance growth through the MEBT
Based on the successful operation of the prototype stripRgys negligible. It was found that tineeasuredhorizontal
cell, an operational version was constru'cted.. .ThIS StripR&hittance was a sensitive function of trgmad settings,
cell differs from the prototype cell mainly inncreased \yhich control dispersion. Dispersion resultsifcreased
pumping capacity. Pumpingapacity is 1000 Torr-  pheam size at the end of the MEBT. Zeroing digmersion
liter/sec at the stripper outer housi(lzehindthe nozzle), by adjusting the trimquads andnoving magnets in the
and3000 Torr-liter/sec atthe scavengesection facing the ratyrn leg of the MEBT minimized the horizontal
nozzle. The nozzle is an converging-diverging nozzle wignjttance. Final emittance measurementbdth planes
a 0.5-mm diameter throat. Typical operating pressures ggyed nasignificant emittance growth. At completion
3.4 mTorr atthe scavengesection, 0.8 mTorr at the of commissioning the stripper/MEBT combinatitad a
stripper outer housing, 1@Torr in the MEBT, and typnical efficiency of 65%, inline with expectations.
0.7uTorr in the RFQ. Typical resultsare shown in  Before commissioning of the MEBT, it wagostulated
Figure 2 for 360 Hz operation in nitrogen gas. Thee hat space-charge effects might significantly impacing
was generated by varying the length of the electrical pulsethe MEBT. Typical variations irfield strengths of
delivered tothe injector in the stripper. As the pulse igggT quads due tspace charge wepredicted to be in
lengthened, the amount of gas delivered per fintseases the range of 10-20%. An additional concern was emittance
up to a limit determined bythe injector. As the amountgrowth driven by nonlinearspace-charge. Iffact, little
of gas increases, the signal in the toroid before the stripp@gct of space charge was noted. No significant change in
increases due to the presence of electrons streamingf \EBT tune wasobservedwith beam intensity,and the
the stripper celtoward the RFQ. Electron currents are glectron suppresseglectrodeshad no significant effect.
also detected inthe toroidafter the stripper.  Significant Thjs result is attributed to eithehargeneutralization by
electron currentsre not observed inthe toroid at the end glectrons or spreadinand reducedbeam density in the

of the MEBT. Slightly higher strippingfficiency can be MEBT. There are numerous sources of electrons available
obtained in argongas.  The vacuum turbopumpsig supply charge neutralization:

however, have some difficulty pumping argoecause of 1 |n the stripper, ondree electron is produced per
the high molecular weigtandlow thermal conductivity, stripped 1 MeV Hebeam ion with an electron energy
causing excessive heating and slowitogvn of the vanes. of 180 eV.

As a result the stripper cell utilizes nitrogen gas in normal  |gnjzation of the stripper gas by the bepraduces

electrons more numerous than beam electrons by a
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factor of 3 to 10, because the ionization cross sectibteasurements diransmission through the first RFQ in
of stripper gas is typically muclrgerthan forbeam the 425-MHz string (RFQ-Apre indicated inFigures 3
ions. These electroremeborn with atemperature of and 4.Figure 3 shows the transmission through RFQ-A
about 30 eV [4]. Secondaryelectrons are also as a function of the 270magnet current. Both 270
produced bycollisions between energetic electronanagnetsare driven bythe samepower supply. The
with gas molecules. oscillatory nature of the transmissiocurve is due a
3. Inthe balance of the MEBT, some electrpreeduced change in the path length through the MEBT asréuius
in the stripperare transported downstreamith the of curvature of the beam in the 27adagnet varies. When
beam. Electronare also producedlocally by beam the path length is such that the difference in phase between
ions onbackgroundyas,and by beam ionsscraping the 212-MHz RFQandRFQ-A is 2mm, where m is an
on the vacuum wall. integer, the beam enters RFQ-A in phased it is
One limitation to performance ofthe MEBT is the accelerated. When the path length is changed such that the
curvature inthe bends. For example, the longitudinddleam enters out of phase, it is rexcelerated. With
velocity of the neutralizing electrofsads to a centrifugal further changes ithe path length the cycle repeats. The
force on the electron due to tharvature arounthe bend. path length through the 270nagnets is 8p where the
A radial (horizontal) electric fieldmust arise to balance radius of curvature oaxis isp = 30.48 cm. The length
this force. The electric fielcomes from a shift in the corresponding to 360 degrees of rf phasé2& Mhz isA
electrondistribution radially (horizontallyoutward from = c/f = 0.0267 « 3 x 10/ 425 x 10=1.88 cm. Thus a
the centroid of the beam path. An estimate ofaleetric complete cycle should occur for a relative path-length
field may bedetermined byequating the two forces. Thechange of ds/s #/3rp= 0.654%. The 270magnets are
force is F = mip = eE, or E = 2 * kinetienergy / ep. in the linear regime, i.e. dB/B = dl/l. Neglecting tieid
The kinetic energy of the electrons is likely to be less thardex inthe 270 magnets n = g(B)*dB/or = 0.53, the
30 eV. Using this valueandthe radius of curvatur@ = relative change inpath length for a giverchange in
30 cm, the electric field is E 2 V/cm. This electricfield magnetcurrent isds/s = @/p = dl/l, or one cycle in
is transverse to the beam in the horizontal direction. Sif@®&87 A. Taking into account the field index, and et
it is not symmetric, it maygausesome distortion of the that the beam travels 3/4th of a complete turneach
beam. However, it is small enough to not beoacern in magnet, the relativehange inpath length for a given
the present case. change in magneturrent isroughly ds/s = (1+7n/6Jll/1.
A complete cycle then shouldorrespond to a current
The beam is clearlyounched as itleaves the MEBT. change of0.36 A. This result agreeswell with the
Bunched beamswere seen on a fast oscilloscope, antheasuredate (Figure 3), which is 7 cycles ia.5 A, or
scaling of the profile was quantitativeipeasured on a about 0.36 Aper cycle. The ratio of in-phase to out-of-
spectrum analyzer viewing signals on a wire thatphase signal, which is about 3, implies that most of the
intercepts the beam. beam is properhpunched as ienters theRFQ. Inorder
to minimize the sensitivity ofccelerator performance to
length of the MEBT, under normal operation the low-level

12 rf RFQ drive signal is phase-locked tdhe beam signal
T of ] collected on a Faraday apertiplate at theend of the
5 MEBT.
g8 ] Figure 4 shows theefficiency of acceleration,
g 6L ] with only RFQ-A installed after the MEBT, as a function
£ of incident beam current. Nominal beanergy at the
3 ] exit of RFQ-A is 5 MeV. Typical efficiency is in the
§ 2f . range of 60-70%. The variations in incremetfficiency

. ‘ ‘ ‘ with beam intensity may bdue toresidual spaceharge

88 89 90 91 effects inthe MEBT, andlimitations in rf power in the

270-degree magnet current [A]

. . RFQ. The maximum accelerated beam at 5 Méserved
Figure 3. Current from RFQ-A as a function of 27Q55" gyer11 mA. Beam acceleratiowas verified by
magnet current, with phase feedback loop off. placing a 12.7tm aluminum foil at the exit of the RFQ-

A. This thickness of foil passes the 5-MeV Heam
10 e ions, but stops any 1-MeV ions.After correcting for
electronsproduced inthe foil, no significantreduction in
collected currentvith the foil in place was noted. At
6L 1 present theacceleratedbeam through the entiré25-MHz
RFQ string (10.5 MeV) is in the range of 6 mA.
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