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Abstract 
A 4D emittance measurement device has recently been 

installed in PSI's high intensity proton accelerator (HIPA) 
after the acceleration tube of the Cockcroft-Walton pre-ac-
celerator. A pinhole collimator is moved 2D transversally 
and at each collimator position, the resulting beamlet is 
downstream scanned 2D by vertically moving over it a hor-
izontal linear array of small electrodes. The properties of 
this setup and the intended use are discussed.  

INTRODUCTION 
In HIPA [1-3] a 10 mA DC proton beam is extracted [4] 

from a microwave driven volume source [5]. It is matched 
by a nearly fully space-charge compensated two-solenoid 
LEBT [4] to a 810 keV electrostatic acceleration tube 
driven by a Cockcroft-Walton [6]. In a 870 keV transport 
line of magnetic quadrupoles [3, 7] the beam is bunched 
[8, 3] and matched to the Injector 2 cyclotron [9], where it 
is collimated at the first five turns to the production current 
of 2.2 mA [10, 11, 3]. The space charge dominated 
bunches are rolled up [12-17] during acceleration and the 
CW 50 MHz bunched beam of 72 MeV and 2.2 mA is 
matched by another transport line of magnetic quadrupoles 
to the Ring cyclotron, where the beam is accelerated to 
590 MeV [18, 3, 19]. After extraction [20], it is sent via the 
targets M and E, producing muons and pions, to the spall-
ation neutron source SINQ [21, 22], or alternatively 
switched to the ultra-cold neutron source UCN for a few 
seconds every few minutes [23]. 

Limitation of beam losses above a few MeV and of the 
resulting activation of machine components is important. 
Guided by Joho's N-3 scaling law [24-26] the RF cavities in 
the Ring cyclotron were replaced, almost doubling their ac-
celerating voltages [1, 25], and the beam current could be 
raised over the years at a constant level of beam losses. The 
sensitivity of the losses in the Ring cyclotron to the settings 
of ion source and collimation at the first turns of Injector2 
[3] as well as the positive effect of scraping the beam at 
certain collimators in the 870 keV injection line [27] indi-
cate that a further reduction of beam losses at higher ener-
gies can be expected for a refined collimation in the 
870 keV line and the centre region of Injector 2.  

In a production machine such substantial hardware 
changes must be well-directed. A detailed understanding of 
the transport of beam core and halo based on "advanced" 
beam dynamics simulations including detailed 6D beam 
distributions and space charge is required [28, 29]. Simu-
lations of this type were performed for segments of the ac-
celerator chain [14, 18, 30-33], but only idealized starting 
distributions were used. A start-to-end simulation and a 
more detailed machine model are still under development. 

The need for these simulations was also demonstrated by 
the failed commissioning of the superbuncher [29, 30, 34] 
which caused too large beam losses. (In contrary to the 
bunchers in the 870 keV line, badly affected beam particles 
cannot be collimated downstream at low activation cost.) 
Further analytical studies, such as [35], are needed to sup-
port the development of simulation tools. 

Simulations as presented in [36] would also allow to de-
termine the degree and effect of space-charge compensa-
tion (SCC) in the 870 keV transport line from a comparison 
with measured beam profiles. However, the use of over-
simplified simulations of only a part of the line [37] is not 
conclusive. A measurement of the local compensation in a 
drift section of the line [38] indicated a compensation de-
gree of 44% at 1e-4 mbar, and only 11% at 1.2e-5 mbar, N2 
gas pressure, which is still about a factor of 3 above the N2 
gas pressure at standard operation. This result cannot, how-
ever, simply be extrapolated into the magnets and to the 
full line since the distribution of the compensation elec-
trons is affected by the magnetic fields, the bunching and 
other parameters [36, 39].  

Most changes in collimation and beam optics were real-
ized in the early years of operation. This was guided by 
beam dynamics considerations, educated guesses, simula-
tions using Transport, Turtle [40] and other codes. Exten-
sive empirical tuning by the operators played a significant 
part in the optimization. However, there is still potential for 
optimisations which do not require hardware changes; e.g. 
the tests of a "smooth" beam optic in the 870 keV beam 
line [41], which should result in a lower emittance growth, 
could be pursued. Only minor optics modifications have 
been implemented since 2006, such as an even lower num-
bers of turns in the cyclotrons and a dispersion free section 
in the 72 MeV beam line [29]. In spite of having not con-
tributed to the optics of the production beam up to now, 
"advanced" simulations are the most promising approach 
to significant improvements. 

The 4D emittance measurement (4DEM) should provide 
simulations of downstream and upstream beam transport 
with a detailed truly 4D start distribution of the 870 keV 
10 mA H+ beam leaving the acceleration tube (Fig. 1). 
However, we also expect evidence on the reproducibility 
of ion source and SCC in the 60 keV LEBT. Similar to the 
bunch-shape measurements at higher energies [42], the 
4DEM is not intended as a tool for daily operation, but for 
beam dynamics development purposes. 

SETUP 
The 4DEM has been squeezed into the beginning of the 

870 keV transport line, without changing the quadrupole 
positions (Figs. 1 and 2) by removing an unused slit and 
integrating existing collimators for machine protection into 
its two vacuum chambers. 

 ___________________________________________  
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Figure 1: Beam transport from ion source to Injector 2 cy-
clotron. Vertical (above) and horizontal (below) 2 enve-
lopes from Transport [40] fit to measured profile width. 
SCC is included only as correction factors to space charge. 
Green lines indicate the beam divergence which is ac-
cepted by the 4DEM at axis and 10 mm away from it. 

 

Figure 2: 4DEM in 870-keV beam line.  

Pinhole Collimator 
The upstream vacuum chamber houses a cooled collima-

tor which, if inserted, stops the full beam with the excep-
tion of a 0.3 mm diameter beamlet (Fig. 3). The collimator 
can be moved vertically and horizontally for ±20 mm by a 
2-axis feedthrough driven by stepper motors. This allows 
to scan the slightly convergent circular beam of ~10 mm 
core diameter.  

A fixed pre-collimator of 40 mm x 40 mm aperture cuts 
the beam tails. In between, a suppressor electrode biased 
to -600 V prevents secondary electrons from the collimator 
to change SCC in the preceding 1.2 m drift space. The bias 
is maintained when the 4DEM is not used. 

 

Figure 3: Upstream chamber with pinhole collimator. 

Cooling grooves are milled into the collimators OFHC 
copper body and covered by a brazed 1.4435 stainless steel 
jacket. The pinhole aperture is eroded into a tungsten insert 
screwed to the copper block. If the device is not used, the 
water speed is reduced from 5 to 1 m/s to prevent corrosion.  

Thermal Load 
Thermal demands to the collimator are high, especially 

with the beam off-centre. (A pepperpot was not considered 
for this reason.) Due to the short length and the large trans-
verse measurement range, it cannot handle the full beam 
power. The critical parameter in the chosen design is the 
yield stress. The yield stress index (YSI), the ratio of von-
Mises stress to yield stress, should stay below 1.0 to pre-
vent thermomechanical failure of the copper [43]. Simula-
tions were performed with Comsol [44] assuming a Gauss-
ian beam with x = y = 2.5 mm which couples into the 
cone surface, the temperature dependent copper yield 
stress used in [43] and a thermal resistance of 
28 K/(W/mm2) of the copper-water boundary at the cool-
ing channel surface. Accordingly a reduction of beam 
power to 2.5 kW is needed to satisfy the YSI criterion. At 
the same time copper temperatures and power densities at 
the cooling channel are moderate (Fig. 4). 

 

Figure 4: YSI for four different beam offsets. The plot is 
combined from four simulations, showing only the regions 
with large YSI values. Red: Maxima of copper temperature 
and YSI. Blue: Maxima of copper temperature at water 
boundary.  

This will constrain operation to pulsed beam with a duty 
cycle of up to 25 %. Pulsing with an adjustable duty cycle 
is provided by deflecting the beam at the end of the LEBT 
with a fast kicker magnet at a rate of 500 Hz. The effect of 
pulsing to the SCC along the drift space from acceleration 
tube to collimator has to be determined. 

Slit and Grid 
In the downstream chamber, a slit is scanned vertically 

over the beamlet for up to 80 mm (Fig. 5). Behind the slit 
a co-moving grid of readout electrodes is formed by a stack 
of 160 0.4 mm thick copper sheets, isolated by 100 m 
Kapton foils. The foils are retracted at the face and the 
stack is tilted by 4° in order to hide the foils from the beam. 
The slit base plate is water cooled. During measurement, 
the water speed is reduced from 7 to 1.3 m/s to decrease 
microphonic noise. 
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Figure 5: Downstream chamber with slit and grid.  

Electronics 
The three stepper motors are controlled by a 4-channel 

Meson-VME module [45], which also measures the signal 
currents at pre-collimator, collimator and slit plate. This 
module also sends a trigger impulse to the five 32-channel 
LogIV [46], which then read the 160 grid signals as a wave-
form in coincidence with the trajectory of the slit. 

MEASUREMENT PROCEDURE 

 Envisaged Measurement Procedure 
Before inserting collimator and slit, the beam is switched 

off and the in-between quadrupoles QWA1/2 are de-
gaussed. With water flows adjusted and collimator and slit 
moved to start positions, the beam is switched on and the 
measurement sequence begins: The slit moves downward 
by, e.g., 80 mm at a constant speed of 25 mm/s and the grid 
currents are measured in parallel at a rate of 50 samples/s, 
each averaged over 20 ms. (Short ramps are added for ac-
celeration and deceleration.) Then the collimator moves to 
the next point, followed by an upward scan of the slit. The 
collimator trajectory, e.g., as in Fig. 3, will be executed 
within ~26 minutes.  

Estimated Performance 
This demonstrates that the resolution (in this case, 1 mm 

spatial and 0.31 mrad angular) is in practice restricted by 
available measurement time and beam stability. Accuracy 
and reproducibility will also depend on the quality of de-
gaussing of the in-between quadrupoles. 

The full angular range allows to display fractions of H2
+ 

and H3
+ (within the spatial range), which survived mag-

netic filtering in the LEBT and are separated by a steerer 
magnet located 0.52 m upstream of the collimator aperture. 
Measurement time may be halved by reducing the 
±24 mrad angular range vertically to the perimeter of the 
H+ emittance distribution. 

At a 10 mA pulsed beam at 10% duty cycle, the largest 
signal current (averaged over the pulsing) at a single grid 
electrode is estimated to 10 nA. With a lower current limit 
of the LogIV of a few pA, a dynamic range of phase space 
density of 1000 results. Other than in a pepperpot measure-
ment, no information is lost by an overlap of angular dis-
tributions of beamlets.  

PROTECTION 
End switches control the position of the drives to prevent 

thermal overload. The beam is switched off if the pinhole 
collimator is in transit from its parking to working position 
or if the slit is moved in when the collimator is not at the 
working position. Furthermore, all water circuits are super-
vised for sufficient flow and upper limits for the signal cur-
rents from collimators and slit are enforced.  

It is difficult to safely protect the pinhole collimator 
against overly focused beam which may lead to severe 
damage. Limits will be set to the solenoid currents in the 
LEBT to keep beam size within a certain range. Beam size 
can also be checked with the upstream beam-induced fluo-
rescence monitor [47]. However, supervision will still be 
less stringent and redundant than e.g. at the 72-MeV beam 
dump BX2 after the Injector 2 [48]. 

OUTLOOK 
The project is presently on hold due to a lack of re-

sources. The measurement software has still to be written, 
including suitable depictions of the 4D distribution which 
is not directly displayed as in the case of the pepperpot with 
screen. In addition to commissioning we will attempt to 
improve the thermal capability towards full current opera-
tion. We will also seek a better understanding of the fatigue 
limit of the present collimator configuration. 
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