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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 high beam intensities, the space-
charge forces make the measured IPM profiles significantly
different from those of the beams. We analyze dynamics
of the secondaries in IPMs and develop an effective algo-
rithm to reconstruct the beam sizes from the measured IPM
profiles. Efficiency of the developed theory is illustrated in
application to the Fermilab 8 GeV proton Booster 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 pro-
ton 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.

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.
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Space-charge forces of the primary beams make the mea-
sured IPM profiles different from those of the beams and
must be correctly accounted. 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
present an effective algorithm [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 = 𝑉0/𝐷 is the guiding electric field due to the
voltage gradient 𝑣0 across the IPM gap 𝐷.

SPACE-CHARGE DRIVEN IPM PROFILE
EXPANSION

The general equations of transverse motion
of the non-relativistic ions born in the IPM
in the acts of ionization of the residual gas
molecules are 𝑥″(𝑡) = 𝑍𝑒

𝑀 𝐸ext + 𝑍𝑒
𝑀 𝐸SC

𝑥 (𝑥, 𝑦, 𝑡) and
𝑦″(𝑡) = 𝑍𝑒

𝑀 𝐸SC
𝑦 (𝑥, 𝑦, 𝑡), where 𝑍𝑒 and 𝑀 are the ion’s charge

and mass, 𝐸ext = 𝑉0/𝐷 is the IPM extracting external
electric field which is assumed here to be horizontal and
generated by application of high voltage 𝑉0 over the gap
𝐷. The electric force of the primary Gaussian beam is
𝐸SC

(𝑥,𝑦) = 2𝐽(𝑡)
𝑣𝑝

(𝑥,𝑦)
𝑟2 (1 − exp(− 𝑟2

2𝜎2
0
)) , where 𝐽(𝑡) and 𝜎0

are the high energy beam current and rms transverse size,
respectively, 𝑣𝑝 is its velocity, and 𝑟2 = 𝑥(𝑡)2 + 𝑦(𝑡)2. The
particle’s transverse velocity 𝑦′(𝑡) is mostly accumulated
while it is passing through the beam core area 𝑟 ≲ 𝜎0,
while its trajectory outside the core is mostly ballistic and
scales approximately linearly with time until the particle

reaches the IPM detector plane at 𝑡 = 𝜏2 = √ 2𝑀𝑑
𝑍𝑒𝐸ext

,
here 𝑑 is the average distance from the beam center to
the detector. IPMs usually operate with electric fields
𝐸ext ∼ 𝑂(100-1000 V/mm) which significantly exceed the
space-charge field 𝐸SC ∼ 𝑂(1-10 V/mm) and that makes
the equation of motion in the 𝑥-plane trivial 𝑥(𝑡) ≈ 𝑍𝑒𝐸ext

2𝑀 𝑡2.
For slow varying or DC proton current 𝐽(𝑡) = 𝐽, solution
of the equation of motion inside the beam, 𝑡 ≲ 𝜏0, is
𝑦(𝑡) ≈ 𝑦0ch(𝑡/𝜏1) + 𝑣0,𝑦𝜏1sh(𝑡/𝜏1), where we introduce
a characteristic expansion time due to the space-charge
𝜏1 = ( 𝑒𝑍𝑈𝑆𝐶

𝑀𝜎2
0

)
−1/2

, and the space-charge potential
𝑈𝑆𝐶 = 𝐽/(4𝜋𝜖0𝑣𝑝) ≈ 30[V/A]𝐽/𝛽𝑝, 𝛽𝑝 = 𝑣𝑝/𝑐, 𝑣𝑝 is the
main (proton) beam velocity, 𝑐 is the speed of light, and 𝜖0 is
the permittivity of vacuum [17]. A characteristic time for the
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secondaries to get extracted out of the beam by the external

electric field 𝐸ext = 𝑉0/𝐷 is 𝜏0 = √2𝑀𝜎0
𝑍𝑒𝐸ext

= 𝜏2√𝜎0
𝑑 .

The major part of the ion trajectory lays outside the beam
and, therefore, 𝑟(𝑡) ≈ 𝑥(𝑡) and, given that the initial coordi-
nates are small compared to the average distance 𝑑 from the
beam center to the IPM detector plane (𝑥0, 𝑦0) ≪ 𝑑 ≈ 𝐷/2,
we have for 𝑦 plane 𝑦″(𝑡) = 𝑦

𝜏2
1

2𝜎2
0

𝑟2(𝑡)(1 − exp(− 𝑟2(𝑡)
2𝜎2

0
)).

The solution of this second-order ordinary differential equa-
tion can be obtained assuming 𝜏0/𝜏1 ≤ 1, 𝑦[1](𝑡) =

𝑦0 ⋅[1+ 𝜏2
0

𝜏2
1
( 𝑡

3𝜏0
(Γ(1

4 )−Γ(1
4 , 𝑡4

𝜏4
0
))− 1

2√𝜋erf( 𝑡2

𝜏2
0
)+ 𝜏2

0
6𝑡2 (1−

exp(− 𝑡4

𝜏4
0
))]. Here Γ(𝑎) and Γ(𝑎, 𝑥) are complete and in-

complete gamma functions related as Γ(𝑎) = Γ(𝑎, 0). This
equation is linear with respect to 𝑦0, therefore, the space-
charge expansion in IPM results in proportional magnifi-
cation of the profile of the distribution of the secondary
particles. Accordingly, the rms transverse size of the IPM
profile at the time when the secondary particle reaches the
IPM detector 𝑡 = 𝜏2 ≫ 𝜏0 becomes:

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 ex-

pansion factor ℎ is determined only by the space-charge
potential 𝑈𝑆𝐶, the primary beam size 𝜎0, the IPM extract-
ing field 𝐸ext = 𝑉0/𝐷, 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 original 𝜎0 can be found from 𝜎𝑚 with other IPM
and beam parameters known [16].

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 - see [16].

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 product 𝜏0/𝜏2

1 – the second term
in Eq. (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 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 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-
tages and disadvantages of the IPMs with a magnetic field
are discussed in [19].

As for ions, their initial kinetic energy is smaller 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]. Cor-
responding smearing of the profile 𝜎𝑇 in the ion-collecting
IPMs is 𝑂(1 mm) [21]. These IPMs do not require 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 = 24kV, 𝐷 = 103mm,
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.
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APPLICATION FOR FERMILAB BOOSTER
IPM

The Fermilab Booster [24] is a 474.2m 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.
Typical total intensity of 84 circulating proton bunches is
about 𝑁 = 4.6 ⋅ 1012.

The Booster proton beam dynamics is quite complex lead-
ing 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 Booster proton beam size is, therefore, of critical
importance.

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. When the proton beam strikes an individual wire
(there are 48 wires spaced by 1 mm in each Multi-Wires),
secondary electrons create a current in the wires which is
amplified to produce the profile. The Multi-Wires beam size
measurements data are presumed to be intensity indepen-
dent 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.

Besides the space-charge expansion and the effect of the
initial ion velocities Eq. (2), the IPM intensity independent
profile smearing can be caused by a finite separation be-
tween the individual IPM charge collection strips, angular
misalignment of the long and narrow strips with respect to
the high energy beam trajectory, and by non-uniformity of
the extraction electric field in the operational IPM aperture.
All the above monitor-specific effects are independent of
beam energy and can be taken into account either by detail
simulations or via extensive test bench measurements or
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]. In that
case, the desired rms instrumental smearing can be found
as 𝜎2

𝑇 = lim𝑁→ 0 (𝜎2
𝑚(𝑁) − 𝜎2

𝑀𝑊(𝑁)). Comparison of the
Booster IPM and Multi-Wires data at various beam intensi-
ties yields the intercept of 𝜎2

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

Booster proton beam is 𝑈𝑆𝐶 ≈ 18.2⋅𝑁/(6⋅1012)[V]. Typical
rms proton bunch length and bunch-to-bunch spacing 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].

ℎ = 1 + 2𝑈𝑆𝐶
𝐸ext𝜎0

(
Γ(1

4 )
3

√ 𝑑
𝜎0

−
√𝜋
2 ) ⋅ [1 + 𝑡𝑏/𝜏0] . (3)

The resulting 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 shown in Fig. 2.

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 origi-
nal IPM data (red), the data corrected for smearing effects
(black) and the same data after additional correction for the
space-charge expansion (blue). Black open circle with error
bars at the left represents the measured Multi-Wires beam
size of the extracted beam.

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,
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 (3) and is
represented by the blue line. One can see that the overall
beam size correction is about 15% early in the Booster ac-
celeration cycle when the rms beam size is about 6 mm.
At the end of the cycle, with proton energy increased from
400 MeV to 8 GeV, the correction is almost by a factor of
two and accounting for the space-charge expansion is the
most important. 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.
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