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Abstract
. L . Horizontal BIF
The precise determination of transverse beam profiles at
high current hadron accelerators has to be performed non- camera

interceptingly. Two methods will be discussed based on the
excitation of the residual gas molecules by the beam par-
ticles: First, the beam induced fluorescence (BIF) where
light is emitted from the residual gas molecules (in most
cases N) and observed with an image intensified CCD
camera. Secondly, by detecting the ionization products in
an lonization Profile Monitor (IPM) where an electric field
is applied to accelerate all ionization products toward a spa-
tial resolving Micro-Channel Plate. The signal read-out can
either be performed by observing the light from a phos-
phor screen behind the MCP or electronically by a wire

array. Methods to achieve a high spatial resolution and a TSR Yo~
fast turn-by-turn readout capability are discussed. ' o -'

INTRODUCTION Figure 1: The installation of BIF station at GSI [6].

d tofth based | fthe beBower the molecules are ionized and with a certain proba-
are used, most ot inem are based on energy loss ofthe be mty left in an excited state. A strong fluorescence in the

particles in matter or on nuclear reactions at a target mat%iue wavelength rangg90 nm < A < 470 nm is gener-
rial. But for high current hadron beams, non—interceptini

Various methods for the transverse profile determinatiog

h . ted by a transition band to thelNelectronic ground state
methods are preferred to prevent the risk of material mel y © 9

) » : B?Sr (V) — X22T(v") + ~, for vibrational levelsy)

u g ) H
ing by the Iarge beam power deposition. The d|agnost_| aving a lifetime of about 60 ns [1]. Tests with other gases
must be non-intersecting in order to monitor the undis-

turbed properties of a beam stored in a synchrotron at arf)(gl'd i);etr\:; e;etip:: earlf\(l)v;rl?/zlde,nbl#] |rn this case a IO\tNZr ghoton
time during the cycle. Even in a pulsed LINAC it might be P gth range was reported [2] .
important to have access to possible time varying processes! "€ low amount of photons can be detected and ampli-
during the macro-pulse. Two types of non-destructivdied using an image intensifier. This commercially avail-
methods are described here, based on atomic collisions [f&?/€ device consists of a photo cathode to transform the
tween the beam ions and the residual gas within the vaPhotons into electrons and amplifies them by a spatial re-
uum pipe. These methods are: The detection of singféP!Ving MCP electron multiplier. It is followed by a phos-
photons from excited levels of the residual gas atoms diOr Screen to create again photons, which are finally mon-
molecules byBeam|nducedFluorescenceRIF) and the itored by a CCD camera. A single primary photon can
direct detection of ionized residual gas ions or electron@® amplified to yield 16 to 10" detectable photons on
at anl onizationProfile Monitor | PM). In particular IPMs ~ theé CCD. The photon amplification depends on an ade-
are installed at most hadron synchrotrons and storage rind/ate choice for the image intensifier components: Vari-
but due to the various beam parameters at different labor@Us types of photo-cathodes are available offering a differ-
tories no 'standard realization’ is available. The basic fea@nt Sensitivity with respect to the photon wavelength in-

tures for both methods are discussed and their applicabiliff"val, see €.g. [3]. In general, a photo-cathode sensitive
are compared. to longer wavelength results in a larger dark current. The

photo-electrons can be amplified by a single MCP with typ-

ically 103 electron-multiplication or a double MCP assem-
BEAM INDUCED FLUORESCENCE bly (Chevron configuration) with typically0 6-fold multi-
plication. Due to the enlarged distribution of the secondary
electrons on several channels at the second MCP, the light
9pots on the phosphor screen are about a factor 3 larger

* Partly funded by INTAS under Ref. No. 03-54-3931 and by Europeaﬁompare_d to an single M_CP- Depending on the application
Union under EU-FP6-CARE-HIPPI the required light detection threshold has to be balanced

In most LINACs and transfer-lines Ndominates the
residual gas composition. Due to the electronic stoppin
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Figure 2: The two dimensional image from the intensi-_. _ _ time [us]
fier of a Arl0+ beam at 4.7 MeV/u andh.y,, = 2.5 MA Figure 3: The width variation during a macro-pulse of 8

10+ i -
recorded duringne 250 i:s long macro-pulse with a vac- mA Ar atll MeV{u IS sh.own. The 'Iower graph com
uum pressure of abotio ~5 mbar and the projection for the pares the normalized image intensity with the beam current

vertical beam profile (right) are shown [6]. [6].

. . . . some beam settings a relatively large background was seen,
with respect to the spatial resolution. Different phosphorauseol by neutrons erhitting the photo-cathode. Due to

screens can be used: Types with fast decay constants OfE & homogeneous distribution it can be subtracted, but a

emitted light of less than 100 ns but lower quantum efﬁ'shieldin against neutrons might be required for a fail-save
ciency (e.g. P47) have to be used if rapid variations havgpplicat?ong 9 q

to be monitored. Slower types with typical ms decay times C I .
. o X An advanced application is the determination of a possi-
(e.g. P43) offer an increased sensitivity. Instead of using : L
e and in most cases unwanted variation of the beam pro-
MCP-phosphor assembly, the BIF-process can also be of)- : - -
served with a segmented photo-multiplier, see e.g. [2, 4] ile during the macro pulse, as shown in Fig. 3. Within a
9 P pler, 9. 1% “rise time ofr,.;sc = 100 ns the voltage between the photo-

The hardware set-up, as used for tests at GSI, is dis- . .
played in Fig. 1. The BIF-method was pioneered at th%athode and the MCP can be switched from blocking mode

. 0 photo-electron transmission toward the MCP. This can
Los Alamos p_roton LINACs [3] for high current dc-beams be used to restrict the exposure time during the profile mea-
at MeV energies.

surement. For the case of Fig. 3 one image ofu80ex-
posure time is recorded and these short term measurements
Example for BIF at a pulsed LINAC are repeated with 10 different trigger delays for consecutive

The GSI UNILAC is a pulsed heavy ion LINAC with a macro-pulses. This time-resolved profile determination is

macro pulse length of about 196 to fill the succeeding not possible with an intersecting SEM-grid due to the risk

synchrotron. The beam profile should be monitored Withir%)f wire melting by the large beam power.

a single macro pulse; therefore the use of a long integration

time for an improved signal-to-noise ratio is impossible EXample for BIF at Synchrotrons

Due to the low amount of emitted photons during typically careful investigations have been performed at the PS-
200 uis integration time, a large amplification of 1& re-  ggoster and the PS at CERN for proton beams [2]. Here the
quired by a double MCP inside the image intensifier [3]. A\Navelength spectrum and photon yield was measured on a
P47 phosphor screen with 70 ns decay time is used to Mogjide scale of beam energies from 50 MeV up to 25 GeV.
itor fast beam width variations. A raw image is displayed in-q, 5 N, pressure bump the wavelength spectrum is com-

Fig. 2 together with the vertical profile as yielded from theyaraple to the results obtained for proton collisions at 200
projection along the beam path [6]. The correspondence of

the measured profile to other methods is excellent. 40

Each of the light spots on the raw image is created by ==
one single photon. Due to the statistical nature of the sig- g 35 ==
nal generation, the data quality can be enhanced by dat: = //
binning or by averaging several images. The resolution of % 30 =
300 m/pixel is sufficient for the displayed parameters. A § el
higher resolution can be reached by varying the distance s 2s s’ Luminescence
between the beam pass and the camera and by a prope g/ =0 W
choice of the optics. This flexible adaption for higher res- 20 : : :
olution is only limited by the required focal-depth for an 0 100 200 300 400 500
accurate mapping. By using a regulated gas valve the pres E[GeV]

sure could be locally (within 1 m) raised up to 1®mbar. Fi.gure 4: Comparison of the normalized vertica! prof?le
The pressure bump does not show a measurable influenailth as determined by the BIF-method and a flying wire
on the ion beam delivered to the GSI synchrotron. Foscanner at CERN-SPS [7].
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keV [1]. The lifetime of the excited states was determined |
using a circulating- 5 ns long bunch at 25 GeV energy and
observing the decay time using a photo-multiplier. The re-
sult of 7 = 58.0(3) ns coincides with the determination
for 100 keV. The absolute photon yield in the optical wave-
length range coincide with the calculated electronic stop-
ping power as a function of kinetic energy (Bethe-Bloch
formula) and is equivalent to the ion’s energy loss of about
3.6 keV in N,. Tests with other gases did not result in a
larger photon yield.

A BIF monitor was successfully installed at the CERN-
SPS [7]. For a pressure bump of,kh the order ofl0—"
mbar profiles within 20 ms integration time, corresponding
to about 900 turns, were recorded with sufficient statistical
accuracy. A comparison with the standard flying wire scan-
ner method is shown in Fig. 4, proving the applicability of
this method also at high energy synchrotrons.

Camera

MCP-Phosphor module
of rectangular shape

MCP test module
with doubled filament

Figure 6: Schematic sketch of an IPM.

bly, this problem does not appear after acceleration by a
LINAC due to a single composition of beam ions and the
. decreasing cross section for electron capture processes at
Example for BIF at ion sources energies above a few 100 keV [9]. But for all cases the
Behind proton sources, where the protons are only acesidual gas density should be low enough to prevent for
celerated by the- 100 kV potential of the ion source plat- second order excitation of the gas molecules via electron
form these types of measurement are performed in severcitation likeNs + e~ — Ny + e~ — No+ v+ e~ [1].
labs, e.g. [8]. The light yield is large and a long integratiomAs a rough criterion the mean free path of electrons should
time enables careful investigations concerning possible si¢ge much larger than the beam size, which is only valid for
nal broadening processes. A comparison of different gasespressure below < 10~ mbar.
shows a good correspondence, as displayed in Fig. 5. Tak-

ing the different excited levels and lifetimes into account,
this result is not evident. IONIZATION PROFILE MONITOR

A broadening, in particular at the beam edges was re- |n most synchrotrons and storage rings the transverse
ported [8], therefore the wavelength spectra with varyprofile of the circulating beam is monitored by detecting
ing angles with respect to the beam axis were measureghe ionization products from the collision of the ions with
Due to the angle-dependent Doppler-shift, the fluorescengge residual gas (mainly 4. Inside the vacuum tube bi-
originating from the residual gas (nearly at rest) and lighgsed electrodes produce an electric field of typically 10 to
emitted by the beam particles can be discriminated. Thg§o v/mm to accelerate the secondary electrons or ions to-
Balmer lines, emitted by the beam protons via recombinayard an MCP, as shown schematically in Fig. 6. In the de-
tionp+e~ — H* — H"+~ or charge-exchange collisions tection volume below the MCP a large electric field homo-
(ke p+ No — H* + N7 — H° +~ + NJ) was de- geneity is required (typically better than 1 %) to guide the
tected, as well as lines from neutral and charged hydrogeasidual gas ions on a straight trajectory toward the MCP
molecules (H, H , H3). It can be concluded that the ap- resulting in an undistorted beam image. Most IPMs are
plicability of the BIF method has to be carefully checked taequipped with a double MCP to yield-a 10°-fold elec-
prevent misinterpretation due to the complex processes af@n multiplication for a single particle detection scheme.
large residual gas densities close to an ion source. Probgs stated in the BIF description the spatial resolution is

about a factor 3 worse compared to a single MCP. Two dif-
ferent anode readout technologies for the amplified signal

5500 1 T

s 4 ! { ! ! . JM_ are commonly in use:

r'r | " 1 I e o Phosphor screen: The electrons create light spots on
3500 - | . | . | o Nom (9 | a phosphor screen behind the MCP, which are mon-
3000 ! { L ¢ { - itored by a CCD camera, as shown schematically in
50 1 i i Fig. 6. A high spatial resolution can be achieved with
I‘; : : ; this readout method, only limited by the 50 um

1000 s

granularity of the double MCP channel size. There-
fore this method is preferred in cooler rings. A typi-
cal time resolution is in the order of 10 ms, given by
the frame rate of the CCD camera. For a turn-by-turn
Figure 5: The measured beam profile for different gases readouton s time scale the CCD camera s too slow.
determined at the SILHI facility [8]. A multi-anode photomultiplier [10] or a photo-diode
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Figure 8: The process of beam stacking by electron cooling
of a 11.4 MeV/u U3t beam during 5 injections followed
by an acceleration to 400 MeV/u at the GSI synchrotron
is monitored. The horizontal and vertical beam width
during the 3.4 s long cycle is shown on top and the integral
of the individual profiles as well as the dc-transformer on
bottom. Each 10 ms a profile is recorded [15].

300 mm flang
Figure 7: Photo of the IPM at the GSI synchrotron [15].

high power synchrotrons, the space-charge fiel@: of the
array [11, 12] has to be installed as a second readoBgam is comparable to the IPM electric field. To overcome
system. the influence oE s an electron detection scheme is used,
where the electrons are guided towards the MCP by a mag-

¢ Wre array: An array of wires can be mo‘?‘.“ed be- netic field of typicallyB = 100 mT. This value is chosen
hind the MCP to collect the current of amplified elec- . : T
so that the cyclotron radius. along a field line is com-

ggz;;lar;z%m;? L%?/Urﬁattqliog Iri;hogysnglir\]/el:r:gb;'thzheparable to the resolution of the MCP. The cyclotron radius

distance of the anode wires, is less than for the pho§9 = mev, /el is mostly determined by the initial electron

" . . —velocity v, perpendicular to the3-field after the atomic
phor screen readout. But it is possible to get a time = =~ .

; : - collision. It can be estimated that 90 % of these electrons
resolution of~ 10 ns using sensitive broadband rf-

o > are emitted with kinetic energies below 50 eV, resulting in
amplifiers [13]. When monitoring a bunched beam, & < 100 um. A well-definedB-field uniformity is re-

carefully designed shielding-pass for the beam imagg* .
current)rllas togbe foreseen tgoFy)Jrevent for distortionsg uired along the full path of the secondary electrons from

L . e interaction point to the MCP (up to 100 mm) to yield

a capacitive signal pick-up. an undistorted image of the beam. To estimate the possible
The surface-coating inside the MCP-channels shows nogistortion due to the beam space-charge i x B-drift)
recoverable amplification decrease after reaching a certaimd the residuab-field non-uniformity, numerical calcula-
irradiation level as caused by the electron bombardmetipns of the electron trajectories are required, see e.g. [12].
at the exit side of the MCP. To visualize this local nonDifferent magnet designs have been realized, using either
uniformity of the MCP-amplification a test device has toelectro-magnets [10] or permanent magnets [13, 16].
be foreseen. One can install a filament-array on the HV- Operating an IPM with an electron detection scheme the
electrode opposite to the MCP, which is heated in regulargsidual gas ions hit the electric field electrode opposite to
typically monthly time intervals to emit thermal electrons.the MCP. Special care has to be taken to prevent surface-
Recently, an Electron Generator Plate (EGP) has been usetitted electrons reaching the MCP, either by a special
achieve a homogeneous electron emission [14]. Alternalectrode-coating by e.g. NEG-material or by installing a
tively, the MCP can be illuminated by a UV-lamp [15]. negatively biased grid in front of the electrode.
In case of amplification degradation the MCP has to ex- One important application is the alignment of the
changed or a software correction of the sensitivity has telectron- or stochastic cooling process [15]. As displayed
be applied. in Fig. 8, electron cooling is applied to stack the beam via

Depending on the voltage polarity for the electric fielditerative injections. Other applications are the monitoring
generation IPMs can be operated to detect residual ioms the beam behavior during emittance blow-up due to intra
or electrons. For low current beam applications residuddeam scattering, necessary crossing of tune resonances or a
ion detection is normally chosen and no magnetic fielthorizontal-vertical coupling due to skew quadrupoles. For
is required. Due to the scattering kinematics a negligibléhese processes significant changes of the transverse pro-
momentum is transfered to the residual gas ions and théyje are slow compared to the revolution period, therefore a
are accelerated only on straight trajectories by the extetime resolution of ms is sufficient and the transverse profile
nal electric field. For beam currents as normally stored ioan be averaged over many turns. The high spatial resolu-
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tion of ionization products the photonyield is reduced by at
least one order of magnitude because particular levels have
to be excited for the emission in the optical range. Only
those photons, which are emitted toward the camera can be
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100 200 tums optics to ensure a sufficient focal-depth. Background con-

tribution due to neutrons oys hitting the photo-cathode
might occur for some beam settings. The lack of radia-
tion hardness for the CCD camera electronics might be a

X

i ... _.h..n.|||

y

|
L y

Iﬂl. s

|
| -

|
I ..‘...u.llf||

5 disadvantage, because for an effective light collection the

j, it matched g, g distance to the beam can not be very large.
ekt The IPM detects all charged residual gas particles due to
100 200 turne the applied electric field, but the complex and expensive

Figure 9: Horizontal beam evolution on a turn-by-turn balinstallation of the electric field generation and the MCP
sis and the associated rms beam width for an un-match&§tector inside the vacuum tube is required. For intense
and matched case [10]. beams a magnetic field must guide the residual gas elec-
trons toward the MCP. Its design might be a challenge

tion by a phosphor screen anode and a CCD camera is wélye to the uniformity requirement anq the anor_nalous large
suited for this application. clearanqe of up to 400 mm. The spgtlal_ resol_ut_londfoo

But also fast processes must be monitored on a turd!M as given by the MCP channel size is sufficient for most
by-turn basis [10, 13, 16]. An example is the control Ofappllcatlops ata hadron synchrotron_. Resolut|o_n limits are
the injection matching into a synchrotron as displayed ipresently investigated by the comparison to a wire scanners
Fig. 9. If the orientation of the injected transverse emitl17]- At synchrotrons the vacuum pressure has to besmuch
tance (as given by the transfer beam line setting) does ni@Ver compared to transfer-lines. Therefore H_qel,o_
correspond to the values at the synchrotron injection pointMes larger signal strength for the IPM (comparing 'single
damped beam width oscillations occur leading to an emitpa_rtlcle_detectlon’ in both casgs) is required to enable suf-
tance blow-up of the stored beam. A matched setting dici€nt time resolution. In particular, IPMs offers the pos-
the transfer line lattice, controlled by the non-destructivé Pllity to perform turn-by-turn profile measurements on a
IPM, is required to achieve high brilliant beams. For turn#S time scale, which has not been demonstrated with BIF
by-turn measurements during the accelerating cycle specif? fa"
HV-switching techniques for the MCP have to be applied
to overcome the regular count rate limitation (typically’10 REFERENCES
counts per second in the stationary case) and enabling E] R.H. Hughes et al.Phys. Rev. 123, 2084 (1961), L.W.

measurement with sufficient statistics of at least 100 eventfz] Dotchin etal.,J. Chem. Phys. 59, 3960 (1973).
(3]

within one turn (i.e. down to Ls), see e.g. [16]. gﬂegePéum%rol\lxt:frlorlﬁg(r;ém Meth A 492, p. 42 (2002).
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rate can be large enough to measure this ionization directly®] D-P- Sandoval et alProc. Beam Instrum. Workshop, Santa
with sensitive current-to-voltage amplifiers. An MCP is 4
not required for this application reducing the mechanical
efforts drastically.

COMPARISON BETWEEN BIF AND IPM

The BIF-method detects photons and no mechanical in-
stallation inside the vacuum tube is required. Commercial
image intensifiers are available, and commercial data a 1]
quisition and evaluation systems can be used, reducing t
amount of human resources during the development phage3]
The spatial resolution as given by the optical magnification
of the lens system is easily changeable and can be matc
to the application. A resolution of 10@m can be reached
and is sufficient for most application at a hadron accelera-
tor. At transfer-lines the residual gas density is relatively16]
large and therefore the amount of detectable photons i%]
higher than at synchrotrons. But compared to the detec-
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