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8 A Three-Dimensional Beam Profile Monitor based on 

Residual Gas Ionization 

A three-dimensional beam profile monitor based on tracking the ionization of the residual gas molecules in the 
evacuated beam pipe is described. Tracking in position and time of the ions and electrons produced in the 
ionization enables simultaneous position sampling in three dimensions. Special features which  make i t  possible 
to sample very low beam currents were employed. 

INTRODUCTION 

Nonintrusive beam sampling has been used in storage 
rings and other facilities where high-quality low-emittance 
charged particle beams have to be stored for extended 
periods. The first devices which utilize residual gas 
ionization for beam sampling have been developed and 
applied extensively at such facilities. (1-7) In all the cases 
cited above the beam profiles were sampled only along one 
direction transverse to the beam. Two separate devices had 
to be used in order to sample two orthogonal projections 
transverse to the direction of propagation of the beam. 
Figures 1 and 2 show typical arrangements for these 
devices two years ago. 

The residual gas molecules in the beam pipe are 
occasionaIIy ionized and the positive ions are extracted 
with an electric field and impact on a position sensitive 
detector. This yields information on the beam location 
along one transverse dimension. When a full profile is 
desired two such devices were employed in tandem. This 
did not yield a true profile of the beam, but rather, only two 
distinct projections. The construction, instrumentation and 
testing of a true three dimensional beam profile sampler 
which can operate with very low beam intensities is 
described in this article, 

PRINCIPLES OF OPERATION 

Fig. 1. Schematic diagram showing the principle 01' 
operation of the residual gas beam monitors. 

The principle, illustrated in Fig. 3, is based on 
sweeping out the electrons and the positive ions produced 
in ionizing collisions between the beam particles and the 
residual gas molecules in the evacuated beam pipe. The 
beam particles have large kinetic energies and continue 
unabated but the residual ions drift in the direction o f  the 
electric field (toward the more negative electrode) and the 
knocked out electrons move in the opposite direction. The 
extraction electrodes are made with a 94% transmission 
grid. The charged ions and electrons pass through the grid 
and are then further accelerated and amplified with 
microchannel detectors (MCP).  

Spatial resolution is limited in principle by transverse 
momentum transfer to the residual gas ion by the beam. 
The lateral displacement is  given by: 

where M = mass of residual gas ion, ul= transverse 
velocity of residual gas ion. : = initial displacement from 
cathode. A V  = applied voltage across detector and D = 

distance between plates. Typical position resolution 
achievable with H; ions is around 300 pm (see Ref. 5 ) .  

Fig. 2 .  
dimensional profile of the beam was desired. 

Arrangment 01' dctcctors employed when ii ~ w o  
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Table 1. Probability of ion-pair creation predictions for ionization by G MeV a particles in the residual gas. 
Gas T(ng/cm* Ion Pot(eV) E+I Prod(eV) No. of p'airs 

56.8 42* IO-' 15.0 200 2.1 * IO-' COZ 
N2 
H* 2.58 6.65*10-' 15.0 65 1 .o* 1 o-' 

36.2 26* IO-' 15.0 196 1.4*IO4 

In our version of this device we also detect the 
electrons formed in the same interaction. Because of their 
larger initial velocities, the electrons provide somewhat 
inferior position resolution, but they move much faster 
toward the electrode and their time of arrival is used to 
trigger a measurement of the drift time of the ions arriving 
to the opposite electrode. The difference in drift time for 
ions and electrons generated at the interaction point is 
given by 

Fig. 3. Principles of Detector. Residual gas ion and 
electron pairs formed in collisions with beam particles are 
swept vertically in the direction of an applied electric field. 
Microchannel electron multipliers amplify the signals and 
provide timing and position signals for the postive ion hits 
and timing only for electron hits. 

The variables in use here are the same as in Eq. ( I )  with 
the additional variable m, the electron mass. Typical 
electron drift times are around I ns whereas the ion drift 
times are hundreds of nanoseconds. The difference in drift 
times depends on the mass of the ion and the position at 
which the ion-electron pair was generated. 

The anticipated sampling rate can be estimated using 
calculated energy loss due to gas ionization by thc particlc 
passing the sensitive region of the detector. The energy 
loss is then divided by the energy required to produce an 
electron ion pair from a gas molecule. The result is a small 

number, interpreted as an ionization probability that is 
proportional to the sampling probability (Microchannel 
efficiency may also be a factor). The numbers in  Table 1 
were calculated for 6 MeV a particles assuming a residual 
gas pressure of 5x1 OS6 torr and a sampling region of 4 cm. 
In Table I ,  A(eV) is the energy loss calculated for an areal 
thickness represented by T(ng/cm2). The ionization 
potentials for all these molecules are very similar, but the 
energy spectrum of electrons emitted following the 
interaction depends on the process, e.g. impact parameter. 
The average energy imparted to the ion and electron 
following an ionizing interaction is nonzero and depends 
also on the size, charge and mass of the molecule. These 
numbers are presented in the fifth column Table 1 and are 
taken from Ref. (9) and ( 1  0). 

CONSTRUCTION DETAILS AND 
DETECTOR TESTS 

The detector construction can be seen in the front view 
shown in Fig. 4. The electrodes are suspended from one 
plate using ceramic insulators and all electrical connections 
are fed through this plate. The sensitive volume is 
surrounded by two gridded electrodes which allow for 94% 
transmission of electrons and ions accelerated toward 
them. On both sides of the volume separating these 
electrodes we have placed insulating plates lined with field 
grading strips. The dimensions of the detector assembly are 
shown for reference (approximately 5" x 5" x 2.5"). Note 
the region spanned by the projection of the mic:rochannel 
detectors is about half that size resulting in ai sensitive 
volume of 2" x 2" x 2.5". 

Signal amplification was achieved with dual, 40-mm 
diameter, microchannel plate assemblies (8) .  The 
microchannel detector's anode plate was substituted by a 
circuit board with 40 conducting strips ( 1  m m  pitch, 
0.6 m m  wide) connected to delay line taps providing 2 ns 
delay per tap. The electrons exiting the microchannel 
detector assembly (IO' amplification) hit the anode strips. 
The signals are read from both sides of the delaiy line and 
the delay is decoded into position information. The prompt 
sigiial signifying the arrival of the ions was extracted by 
capacitive coupling to the one of the electrodes used to bias 
tlic inicrochannel dctcctors. I n  this way we were able to 
obliiiii both I l w  tiriic mid the position of' the positive ions' 
arrival. 



Position resolution 
a) run630 Water Leak I 

Horizontal position was obtained by recording the 
time difference between the signals arriving at both ends of 
the delay line connected to the anode strips. Vertical 
position signals were obtained by recording the ion drift 
time as registered with a start signal from the electron 
arrival time. 

As noted in the previous section the drift time depends 
on the vertical position and mass of the ion. In order to 
better understand and calibrate the spectrum two separate 
runs were taken. In both cases the system was first 
evacuated to 5 x IO" torr and then a controlled leak was 
introduced bringing the pressure up to 8 x 10" torr. In one 
case N2 gas was introduced, and the spectrum shows three 
prominent peaks corresponding to N2+, N' and N" . In the 
other case water vapor was introduced and the spectrum 
shows two prominent peaks attributed to H' and HzO'. The 
spectra of vertical drift times gated by one of the solid state 
detectors are shown in Fig. 5.  Although some "random" 
background still persist the data is clustered into discrete 
groups corresponding to the different ion species that were 
ionized and accelerated to the microchannel detectors for 
detection. The ion velocity dependence on & (m = ion 
mass) is shown in the calibration curve of Fig. 6. 

The question is now whether with all the different 
mass groups arriving at different time intervals can one still 
get some useful position information out of the ion drift 
time. By creating a controlled environment in which the 
system is pumped but by introducing of a N2 gas leak we 
can have vertical position definition. 
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Fig. 4. Front view of detector. 

I I b) run 610 Nitrogen Leak 
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Fig. 5. Drift times of different ions produced in the residual 
gas doped with (a) a H20 leak and (b) a N2 leak. 

DETECTOR PERFORMANCE 

Detection (ionization) efficiently 

Given the fact that there is always some background 
which cannot be eliminated, the sampling efficiency of the 
device is a predictor of its sensitivity at low beam 
intensities. The calculations which were presented in Table 
1 can serve as a guide. Efficiency measurements were done 
at three different pressures and demonstrate that the 
sampling rate is proportional to the ambient pressure. This 
proportionality is displayed over three orders of magnitude 
in the double logarithmic plot shown in Fig,. 7 which 
displays measured sampling efficiency as a function of 
ambient pressure. 

I'Iw bean1 prolile illonitor has been tested with stable 
beanis and used in conjunction with a Coulomb excitation 
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Fig. 6. A calibration curve showing drift time .vs. the 
square root o f  thc mass 01' the accclerated ion. The ions 
idcntificd were H. N(doubly charged). N(singly charged). 
H20 and N2. 
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Fig. 7. Sampling rates as a function of ambient pressure. 

X - position 
Fig. 8. Two-dimensional beam profile obtained with a beam 
of 10’ @As ions per second. 

Fig. 9. Horizontal and vertical projection of beam spot 
obtained with a beam of IOs 69As ions per second. 

experiment done with 69As beams at the HRIBF facility. 
Figure 8 shows a two dimensional plot of the bcam 

profile obtained with 69As beam at intensities near IO’ 
particles per second. The data shown was accumulated in 
less then one minute. The Y position was derived from the 
N2 drift time, and a biased TAC was used to amplify the 
region around that peak. As can be seen from the two 

orthogonal projections of the beam profile in Fig. 9, the 
resolutions in X and Y are comparable and the beam spot 
in this experiment was about 2-3 mm in diameter. 

CONCLUSION 

The horizontal position resolution obtained in our tests 
can be easily improved. By using more strips with, a 
smaller pitch one can achieve the expected resolving power 
of0.3 m m  realized in Ref. ( 5 ) .  We plan to use this device 
with extracted beam and may opt to use two-dimensional 
position sensing, such as the resistive layer used in Ref. 
(4). 
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