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Abstract

Ionization profile monitors (IPMs) are widely used in ac-
celerators for non-destructive and fast diagnostics of high
energy particle beams. At low beam intensities, initial veloc-
ities of the secondaries to collect (ions or electrons) result
in the IPM profile smearing. At high beam intensities, the
space-charge forces make the measured IPM profiles sig-
nificantly different from those of the beams. We analyze
dynamics of the secondaries in IPMs, describe an effective
algorithm to reconstruct the beam sizes from the measured
IPM profiles and apply it to the Fermilab 8 GeV proton
Booster and 70 MeV/c IOTA ring IPMs.

INTRODUCTION

Particle accelerators heavily rely on precise diagnostics
and control of critical beam parameters such as intensity,
pulse structure, position, transverse and longitudinal beam
sizes, halo, etc [1]. Ionization profile monitors (IPMs) [2–7]
are fast and non-destructive diagnostic tools used in proton
and ion linacs, colliders, and rapid cycling synchrotrons
(RCS) [8–10]. They operate by collecting ions or electrons
created after the ionization of residual vacuum molecules by
high energy charged particle beams [1, 11], which are then
guided to a detector by a uniform external electric field 𝐸ext.
The detector is usually made of many thin parallel strips,
whose individual signals are registered to make the beam
profile signal ready for processing – see Fig.1.

Space-charge forces of the primary beams make the mea-
sured IPM profiles different from those of the beams and
must be correctly accounted for. Brute force numerical mod-
eling [12, 13] can successfully reproduce experimentally
measured IPM profiles but offer limited predictive physics
insights. Several phenomenological fits were proposed to
relate the measured beam size 𝜎𝑚 and the initial beam size
𝜎0 - see, e.g., [3, 12, 14, 15] - but despite acceptable data
approximation, they are not based on clear physical reasons
for as many four free parameters and exponents. Below we
briefly describe an effective algorithm developed in [16] to
reconstruct the beam sizes from measured IPM profiles and
known key parameters, such as high-energy beam intensity
𝑁 and IPM extracting field 𝐸ext is the guiding electric field.
Based on that theory, we discuss the Booster IPMs measure-
ments and possible upgrades, as well as specifications for
the IOTA ring IPMs.
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Figure 1: Transverse cross-section of a high energy beam
(red) in vertical IPM and schematically shown motion of
secondary ions (blue dots) and electrons (green dots) under
the impact of horizontal extracting electric field 𝐸ext and
space-charge field of the primary beam. The diagram on
the right shows the IPM detector signals at right before
extraction of an intense beam of 𝑁 = 4.6 ⋅ 1012 protons
from the Fermilab Booster synchrotron. The actual rms
proton vertical size of the proton beam is 𝜎0 = 2.1 mm - see
dashed red curve, while the rms width of the IPM signal is
𝜎𝑚 =3.6 mm, see blue line for the Gaussian fit.

SPACE-CHARGE DRIVEN IPM PROFILE
EXPANSION

Ref. [16] presents a final-form solution of the general equa-
tions of transverse motion of non-relativistic ions with charge
𝑍𝑒 and mass 𝑀 born in the acts of ionization of the residual
gas molecules by a high energy proton beam passing through
IPM with extracting external electric field 𝐸ext = 𝑉0/𝐷 due
to the voltage gradient 𝑉0 across the IPM gap 𝐷. No guiding
external magnetic field is assumed. IPMs usually operate
with electric fields 𝐸ext ∼ 𝑂(100-1000 V/mm) which signif-
icantly exceed the space-charge field 𝐸SC ∼ 𝑂(1-10 V/mm)
and that assumption helps to solve the equations of motion.

Important beam parameters of the high energy beam
are its current 𝐽(𝑡), velocity 𝑣𝑝 and rms transverse size
𝜎0. The space-charge potential of such beam is 𝑈𝑆𝐶 =
𝐽/(4𝜋𝜖0𝑣𝑝) ≈ 30[V/A]𝐽/𝛽𝑝, 𝛽𝑝 = 𝑣𝑝/𝑐, 𝑐 is the speed of
light, and 𝜖0 is the permittivity of vacuum [17]. Three char-
acteristic times are of importance for the analysis: i) a char-
acteristic time for the secondaries to get extracted out of the

beam by the external electric field 𝜏0 = √2𝑀𝜎0
𝑍𝑒𝐸ext

= 𝜏2√𝜎0
𝑑 ;

ii) time for secondary particle to reaches the IPM detector

plane 𝜏2 = √ 2𝑀𝑑
𝑍𝑒𝐸ext

, where 𝑑 is the average distance from
the beam center to the detector; and iii) a characteristic ex-
pansion time due to the space-charge 𝜏1 = ( 𝑒𝑍𝑈𝑆𝐶

𝑀𝜎2
0

)
−1/2

.
Proton beam space-charge fields result in proportional

magnification of the IPM profile of the distribution of the
secondary particles, i.e., 𝜎𝑚 = 𝜎0 ⋅ ℎ. Under a reasonable
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assumption of DC or slow varying proton current 𝐽(𝑡) = 𝐽,
the rms transverse size of the IPM profile at the time when the
secondary particle reaches the IPM detector 𝑡 = 𝜏2 ≫ 𝜏0 is
found as:

𝜎𝑚 = 𝜎0 ⋅ ℎ ≈ 𝜎0 ⋅ [1 + 2𝑈𝑆𝐶
𝐸ext𝜎0

(
Γ(1

4 )
3

√ 𝑑
𝜎0

−
√𝜋
2 )] . (1)

The gamma-function Γ(1
4 ) ≈ 3.625. The space-charge mag-

nification factor ℎ is determined only by the space-charge
potential 𝑈𝑆𝐶, the primary beam size 𝜎0, the IPM extracting
field 𝐸ext, and the beam-to-MCP distance 𝑑 but it does not
depend on the type of secondary species (their mass and
charge, etc). Equation (1) can be easily solved, and the orig-
inal 𝜎0 can be found from 𝜎𝑚 with other IPM and beam
parameters known.

A similar analysis for uniform, rather than Gaussian,
primary proton beam current density distribution with ra-
dius 𝑎 results in an exact solution in elementary func-
tions that is very close to Eq. (1), with the numerical fac-
tor 2Γ(1/4)/3 ≈ 2.42 replaced by (4√2/3) ≈ 1.88, and sub-
stitution of equivalent 𝜎0 = 𝑎/2.

The effect of the high-energy beam current 𝐽(𝑡) time struc-
ture, such as in bunched beams, depends on the rms bunch
length 𝜏𝑏 and time between bunches 𝑡𝑏 and can be approxi-
mated by substitution 𝑈𝑆𝐶 → 𝑈𝑆𝐶(1 + 𝑡𝑏/𝜏0). See [16] for
details as well analysis of the extreme case of short and rare
bunches 𝜏𝑏 ≪ (𝜏0, 𝜏1, 𝜏2) ≪ 𝑡𝑏.

The effect of the high energy beam size aspect ratio
𝑅 = 𝜎𝑥/𝜎𝑦 is relatively weak, too. Indeed, the space-charge
factor 1/𝜏2

1 scales as 2/(1 + 𝑅) while the characteristic time
𝜏0 ∝ √𝑅. Therefore, the magnification factor 𝐻 – which is
proportional to the product 𝜏0/𝜏2

1 – scales as 2√𝑅/(1 + 𝑅).
The latter is relatively small, i.e, 0.94 for 𝑅 = 0.5, and can
be safely neglected for most common cases of ℎ ≤ 2.

To account for initial velocities of the secondaries 𝑣0,𝑦,
one can assume them to be random with the rms value of
√2ℰ𝑖/𝑀 and get in quadrature addition to Eq. (1):

𝜎2
𝑚 = 𝜎2

0ℎ2(𝑈𝑆𝐶, 𝜎0, 𝐸ext, 𝑑) + ( 4ℰ𝑖𝑑
𝑍𝑒𝐸ext

) . (2)

The types of IPMs are distinguished by the species they
collect - electrons or ions. The initial kinetic energy ℰ𝑖 for
ionization electrons is about 35 eV needed on average for
ion-electron pair production by protons in hydrogen [18].
Corresponding smearing Eq. (2) of the particle position
measured by the IPM is about 𝜎𝑇 = 𝐷√2ℰ𝑖/𝑍𝑒𝑉0, that is
some 6 mm for a typical gap 𝐷 = 100 mm and voltages
as high as 𝑉0 = 20 kV. That is absolutely unacceptable
for millimeter-scale or smaller primary beam sizes and the
electron-collecting IPMs usually have to use a focusing ex-
ternal magnetic field 𝐵𝑥, parallel to the extracting electric
field, to suppress the smearing. Physics principles, advan-
tage, and disadvantages of the IPMs with a magnetic field
are discussed in [19].

As for ions, their initial kinetic energy is smaller and
depends on their kind and the type of reaction. For diatomic
gases, the most relevant process is dissociative ionization
by the primary fast protons, i.e., 𝑝 + 𝐻2 → 𝑝 + 𝐻 + 𝐻+

with typical kinetic energy of the 𝐻+ of the order of a few
eV [20]. Corresponding smearing of the profile 𝜎𝑇 in the
ion-collecting IPMs is 𝑂(1 mm) [21]. These IPMs do
not require an external magnetic field and, therefore, are
usually of smaller size, simpler design, and lower cost. Two
such monitors − vertical and horizontal− are installed in the
Fermilab Booster rapid cycling synchrotron (RCS) and we
apply our analysis to their experimentally measured profiles
[22, 23].

Figure 2: The Fermilab Booster IPM vertical rms beam size
𝜎∗ right before beam extraction (𝑉0 = 24 kV, 𝐷 = 103 mm,
black squares) [16,22] vs the total proton beam intensity 𝑁.
The theoretical predication of this paper’s Eq. (1) (red line) is
calculated using the initial beam sizes 𝜎0 as measured by the
Multi-Wires emittance monitor (blue line). The measured
IPM rms sizes 𝜎𝑚 are corrected for the intensity independent
smearing 𝜎∗ = √𝜎2

𝑚(𝑁) − 𝜎2
𝑇, with 𝜎2

𝑇 = 2.7 mm2.

APPLICATION FOR FERMILAB BOOSTER
IPM

The Fermilab Booster [24] is a 474 m circumference,
alternating-gradient 15 Hz RCS accelerating protons from
0.4 GeV at injection to 8.0 GeV at extraction in 33.3 ms,
or about 20,000 turns − half of the magnet cycle period.
Correspondingly, all proton beam parameters (intensity, po-
sitions, bunch length, emittances) as well as accelerating RF
frequencies and voltage significantly vary in the cycle. The
typical total intensity of 84 circulating proton bunches is
about 𝑁 = 4.6 ⋅ 1012. The Booster proton beam dynamics
is quite complex leading to the beam emittance growth and
particle losses during the acceleration [22] which set limits
on the high power operation of the entire Fermilab complex
of accelerators for high energy neutrino physics [25, 26].
Fast diagnostics of the proton beam size is, therefore, of
critical importance for the Booster operations and upgrades.
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There are two types of instruments to measure beam sizes
in the Booster − the Multi-Wires and IPMs. The Multi-Wires
are intercepting devices installed in the Booster extraction
beamline. The Multi-Wires (harps of 48 wires spaced by
1 mm) beam size measurements data are presumed to be
intensity independent and accurate to some 2-3%. The IPMs
operate in the ion collection mode and report the average rms
beam sizes (determined by the Gaussian fits of the profiles)
every turn (about 2 µs).

Besides the space-charge expansion and the effect of
the initial ion velocities Eq. (2), the IPM intensity inde-
pendent profile smearing can be caused by a finite separa-
tion between the individual IPM charge collection strips
(total of 40, Δ = 1.5 mm apart), angular misalignment
of the long and narrow strips with respect to the high en-
ergy beam trajectory, and by non-uniformity of the extrac-
tion electric field in the operational IPM aperture and these
effects can be taken into account by cross-calibration of
low-intensity beam sizes measured by the IPM 𝜎𝑚 and by
the Multi-Wires 𝜎𝑀𝑊, or by other appropriate beam size
monitors [1, 9, 22, 27–30]. Comparison of the Booster IPM
and Multi-Wires data at various beam intensities yields
𝜎2

𝑇 = lim𝑁→ 0 (𝜎2
𝑚(𝑁) − 𝜎2

𝑀𝑊(𝑁)) = 2.8 ± 0.1 mm2 [22].
At high intensity, the average space-charge potential of

the Booster proton beam is 𝑈𝑆𝐶 ≈ 14[V]⋅𝑁/(4.6 ⋅ 1012).
Typical rms proton bunch length and bunch-to-bunch spac-
ing are 𝜏𝑏 ≈ 2 − 3 ns, 𝑡𝑏 ≈ 19 ns. Characteristic times for
the IPM with 𝐷 = 103 mm and 𝑉0 = 24 kV are 𝜏𝑏 ≈ 2 − 3
ns, 𝑡𝑏 ≈ 19 ns, 𝜏0 ≈ 22 ns, 𝜏1 ≈ 67 ns (for 𝑁 = 6 ⋅ 1012)
and 𝜏2 ≈ 110 ns. Therefore, the beam profile expansion
factor ℎ can be calculated by using Eq. (1) in which the
original 𝜎0 is taken from the Multi-Wires data and with the
beam-to-MCP distance 𝑑 ≈ 𝐷/2 = 52 mm. To take into
account the time structure of the Booster bunched beam,
the rms profile expansion coefficient ℎ Eq. (1) needs to be
augmented by a numerical factor [1 + 𝑡𝑏/𝜏0]. The result-
ing rms vertical IPM beam size estimates ℎ𝜎0 are found
to be in excellent agreement with the measured IPM rms
sizes 𝜎∗ = √𝜎2

𝑚(𝑁) − 𝜎2
𝑇 measured over a broad range of

beam intensities as illustrated in Fig. 2. One can see that the
space-charge induced IPM profile expansion of the extracted
beam (8 GeV proton kinetic energy) grows with the beam
intensity and become quite large, ℎ −1 ≃ 0.7, at the nominal
𝑁. The instrumental smearing 𝜎𝑇 adds another ∼(10-15)%.
For operational monitoring of the emittance evolution over
the 33 ms acceleration ramp, it is important to account for
: a) the beam obit motion as the space-charge expansion
depends on the distance 𝑑 from the beam orbit to the IPM
collection plate; b) 𝑂(10%) variations of the beta-functions
at the IPM locations during the ramp; c) significant changes
in the beam bunching factor.

Knowing 𝜎𝑇, 𝑁 and the IPM extracting field 𝑉0/𝐷 one
can easily reverse Eq. (1) and find the original proton beam
𝜎0 from the measured and corrected 𝜎∗, see, e.g., [22]. Fig-
ure 3 illustrates the result of such analysis for the measured
profiles of the Booster beam with 𝑁 = 4.62 ⋅ 1012. There,

Figure 3: An example of reconstruction of vertical rms pro-
ton beam size in 33 ms (20000 turns) acceleration cycle of
the Fermilab 8 GeV Booster synchrotron with the total beam
intensity of 𝑁 = 4.6 ⋅ 1012: time dependence of the original
IPM data (red), the data corrected for smearing effects due
to 𝜎𝑇 (black) and the same data after additional correction
for the space-charge expansion (blue). The open black circle
with error bars at the left represents the measured Multi-
Wires beam size of the extracted beam.

the red curve is for the rms vertical beam size 𝜎𝑚(𝑡) as mea-
sured by the IPM at each of 20 thousand turns of the Booster
acceleration cycle; the black line represents the beam size
after correction for the intensity independent smearing 𝜎∗;
and, finally, the true proton rms beam size 𝜎0 was recon-
structed following the algorithm of Eqs. (1) and (2) and is
represented by the blue line. One can see that the overall
beam size correction is about 20% early in the Booster ac-
celeration cycle when the true rms beam size 𝜎0 is about
5.3 mm. At the end of the acceleration cycle from 400 MeV
to 8 GeV, accounting for the space-charge effect results in
a very large correction from 3.7 mm to 2.2 mm rms. Also,
one can see that the reconstructed IPM size at the end of
the acceleration cycle matches well the extracted beam size
measured by the Multi-Wires, as indicated by a black open
circle with error bars at the right of Fig. 3.

IPMS FOR BOOSTER UPGRADE AND
IOTA

There are plans to further upgrade the Fermilab proton
complex from the current world-leading level of ∼840 kW of
average 120 GeV proton beam power on the neutrino target
to over 1.2 MW at the start of the LBNF/DUNE experiment
in the second half of the 2020s via replacement of the exist-
ing 40 years old 400 MeV normal-conducting Linac with a
modern CW-capable 800 MeV superconducting RF linear
accelerator (PIP-II, see [31]). The corresponding upgrade
of the Booster IPMs will be needed, too, for two reasons.
First of all, the PIP-II linac will provide about 50% increase
in the Booster beam intensity to some 𝑁 = 6.5 ⋅ 1012 and,
consequently, the IPM space-charge expansion factor will
grow to ℎ ≈ 2.0 making it very hard to account for it and cor-
rect. Secondly, recent experimental studies of the Booster
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losses and emittance evolution [22, 23, 32] indicate a very
complicated dynamics of the proton beam that includes a
complex interplay of impedance, instabilities, space-charge
effect, and electron cloud effects, many of which are mani-
fested in significant differences in the behavior of individual
bunches. The existing Booster IPMs have limited frequency
bandwidth and are capable of reporting only one-turn av-
erage beam profiles, i.e., they can not measure profiles of
individual bunches or groups of 6-10 bunches (out of 81-84
total).

Table 1: Parameters of Fermilab IPMs

Tevatron* Booster IOTA
Proton 𝑝𝑐, GeV 980 0.95-8.9 0.07
𝑁𝑝 /bunch, 1010 25 5.5 9
𝑁𝑏 36 84 1 or 4
𝑓𝑟𝑒𝑣, µs 21 2.22 1.83
𝛽𝑝 1 0.7-1 0.07
𝐽𝑎𝑣𝑔, mA 80 330 2-8
𝑈𝑆𝐶, V 2.4 14 2.5
𝑡𝑏, ns 396 25-20 460-1800
𝜎𝑝 at IPM, mm 1-0.3 5-2 1-4
IPM 𝐵, T 0.2 0 0
IPM 𝑉0, kV 10 24 24
IPM 𝐷, mm 87 103 103
IPM pitch Δ, mm 0.25 1.5 0.5
IPM ℎ − 1, max. ∼0.02 ∼0.7 ∼0.16

A possible way to address the above needs might be
the employment of the Tevatron-style IPMs [7, 9, 33–35]
- see Table 1. Two of those (vertical and horizontal) were
used in 2006-2011 (now in storage), operated in the elec-
tron collection mode with external guiding magnetic field
𝐵 = 0.1 − 0.2T, had fast electronics and were able to report
profiles of individual proton and antiproton bunches sepa-
rated by some 200 ns. The guiding magnetic field effectively
suppresses the space charge IPM profile expansion which
otherwise would be as high as ℎ ≃ 1.6. The Larmor motion
of electrons adds very little to the measured beam profile
smearing, and the measured IMP beam profile was found to
be very close, withing few %, to the real one with approx-
imate relation 𝜎𝑚 = √𝜎2

0 + 𝛿2
𝐿/𝐵2, where 𝛿𝐿 ≈ 26 µm at

𝐵 = 1 T [33]. For the such IPMs in the Booster, the field
as low as 𝐵 = 0.02 T will suffice to keep the IPM smearing
under ∼10%. To avoid beam orbit distortion due the IPMs,
its integrated magnetic field ∫ 𝐵𝑑𝑙 ≃ 4 ⋅ 10−3 Tm can be
easily compensated or corrected.

No magnetic field, Booster-type IPMs can be employed
for proton beam diagnostics in the IOTA ring [36]. Ma-
jor parameters of that facility for accelerator research are
listed in Table 1. One can see that even for the highest pro-
ton beam current and the smallest beam size - parameters
which usually anti-correlate - the space-charge IPM expan-
sion parameter is at about 16% that leaves enough room for
reasonably precise correction following recipes of Eq.(1)
and the above analysis. The revolution frequency of IOTA is

close to that of the Booster and the bandwidth of the existing
Booster IPM electronics should be sufficient for turn-by-turn
profile measurements in IOTA. Of course, for the rms beam
size of about 𝜎0 ≃ 1 mm it would be very necessary to have
a smaller pitch Δ (distance between stripes), preferably 1 to
0.5 mm or less as it adds to the measured size in quadrature
approximately as 𝜎𝑚 = √𝜎2

0 + Δ2/12. Another attractive
opportunity for improvement can be a controlled leak of Xe
or Kr – see Fig.4 – as IPM operation with such gases results
in a smaller profile smearing [21, 37].

Figure 4: Measured GSI IPM profile width versus extraction
field for different residual gases (from Ref. [37]).

SUMMARY
Theory and analysis of space-charge effects and intensity

independent instrumental errors 𝜎𝑇 in the operation of ion-
ization profile monitors for measurements of high-intensity
beams [16] offer practical correction algorithms to recon-
struct the original beam sizes. Being applied to the 8 GeV
Fermilab Booster proton synchrotron, that allows some 10%
accuracy in the determination of 𝜎0 from the rms sizes mea-
sured in the IPMs 𝜎𝑚. Upcoming Booster beam intensity
upgrade, besides expected increase in the IPM space-charge
expansion factor up to ∼2, rises concerns over multi-bunch
proton dynamics effects - all that calls for the installation of
faster IPMs which also employ some 0.02T guiding external
magnetic field for electron collection. The Booster type (ion
collecting) IPMs can be employed in the 70 MeV/c IOTA
proton ring, especially if the pitch of the stripes can be re-
duced to 1 mm or less and the residual gas to ionize is set
by calibrated Xe or Kr leaks.

The author would like to thank J. Eldred, V. Kapin, V.
Lebedev, K. Seiya, and R. Thurman-Keup for useful dis-
cussions on various aspects of the Fermilab Booster IPM
operation, fruitful cooperation, and valuable input.
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