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Abstract
The Integrable Optics Test Accelerator (IOTA) at the Fer-

milab Accelerator Science and Technology (FAST) Facility
will attempt to demonstrate novel techniques for high current
accelerators. An electron beam of 150 MeV/c momentum
and a proton beam of 70 MeV/c momentum will be used
for a number of experiments, including nonlinear focusing
integrable optics, space charge compensation, and optical
stochastic cooling. The low energy proton beam will provide
a space charge dominated regime with which to investigate
Hamiltonian diffusion and chaos. A non-invasive beam in-
strumentation device is needed to study emittance evolution
and halo formation without destroying the beam. A super-
sonic gas jet curtain can be injected perpendicular to the
proton beam, which will preserve the integrity of the beam
and provide a two-dimensional turn-by-turn profile measure-
ment. Currently, IOTA and the gas jet monitor are being
built and commissioned at Fermilab.

INTRODUCTION
The Integrable Optics Test Accelerator (IOTA) is a stor-

age ring designed to test novel high current accelerator tech-
niques. A RFQ based proton source will provide a low
energy beam for injection into IOTA. The ring will allow
a sufficient number of turns to observe nonlinear effects in
a space charge regime. Nonlinear decoherence in nonlin-
ear integrable lattices will suppress halo formation of the
beam. To preserve the lifetime of the beam, a non-invasive
detector is required [1]. Simulation studies of the beam dis-
tribution, with various lattices, turn-by-turn are made using
Synergia [2] code running on a server maintained by Radia-
Soft [3]. The gas jet parameters, such as the gas density and
the detector location, can be optimized for a higher resolu-
tion of the beam profile. A gas jet sheet is produced in the
interaction chamber of the beam line. The beam ionizes the
gas, producing an electron-ion pair. A transverse electric
field will direct the electrons toward a micro-channel plate
(MCP), which will provide a signal amplification of 106.
Finally, a phosphor screen and CCD camera will image the
signal.

IOTA PROTON BEAM PARAMETERS
The previously existing HINS (High Intensity Neutrino

Source) RFQ will be used for injection of protons into the
IOTA ring. The source will provide IOTA a beam energy
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Figure 1: IOTA ring layout

of 2.5 MeV bunched at 325 MHz [4]. Bunches will spread
out after a few turns due to the momentum spread and low
energy. A dual purpose RF cavity will be used to bunch
the beam at 2.18 MHz. The IOTA lattice (Fig. 1) has two
integrable lattice sections (upper corners) where the trans-
verse beta functions are matched and dispersion is zero (see
Fig. 2). The lower left corner has a RF cavity and the lower
right section will contain the electron lens/column. Table 1
provides a summary of HINS and IOTA main parameters.

Table 1: Summary of IOTA Proton Beam Parameters

PARAMETER VALUE
Kinetic Energy 2.5MeV
dp/p 0.1%
Circumference, C0 39.97m
Revolution period, T0 1.83 µs
RF bunching 2.18MHz
Average beam current 8mA
Vacuum 6x10−10 Torr
Beam lifetime 300 s
Pulse rate <1Hz
Pulse width 1.77 µs

BEAM SIMULATIONS
The Synergia code has been used to simulate and propa-

gate the beam including space charge effects. A lattice for
IOTA with one nonlinear section was used. The nonlinear
element in the lattice can be turned on and off. The initial
KV beam is randomly distributed and propagated starting
at the injection point (middle of the top section in Fig. 1).
A virtual detector was placed s = 8.711m from the right
nonlinear section (middle of the lower right section in Fig.
1). The beam was propagated through the lattice for 200
turns with 10240 macro particles. A toolkit in Synergia, 2D
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Figure 2: Lattice functions for IOTA with one nonlinear
section. The nonlinear inserts are at approximately s = 6m
and 34m [1].

open boundary condition Hockney space charge solver was
used. For the purpose of this study, the dispersion function
was set to zero.

Table 2: Beam Size with and without the Nonlinear (NL)
Element

no NL element NL element Units
εx,y,I 5.00, 4.99 5.00, 5.00 mm-mrad
εx,y,F 8.64, 9.94 6.46, 5.72 mm-mrad
RMSx,y,I 2.37, 3.98 2.58, 3.27 mm
RMSx,y,F 3.21, 5.68 2.87, 3.95 mm
X,YI

max 4.74, 8.01 5.21, 6.49 mm
X,YF

max 11.99, 21.30 9.82, 14.0 mm

Figure 3: Beam Evolution without non-linear element.

Table 2 has the first and final turn beam emittance, x and
y RMS, and max value in the transverse plane for with and
without the nonlinear element. A measurement at each turn
can determine the beam evolution and studies of the halo
can be made.

Figure 3 shows the RMS beam size as it evolves through
200 turns without the nonlinear element. After approxi-
mately 100 turns the beam envelope stabilizes. The beam
distribution is shown in Fig. 4 for both the nonlinear insert
on and off. Without the nonlinear element, the transverse
emittance significantly grew by 72% and 99% in x and y,

Figure 4: First turn particle distribution (a). Final particle
distribution with non-linear element off (b) and non-linear
element on (c).

respectively. The x and y RMS grew by 35% and 42%. With
the nonlinear element the emittance grew marginally by 29%
and 14% in x and y, while the RMS grew by 11% and 20%.
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BEAM-GAS INTERACTIONS
The lifetime of the beam in the IOTA ring will be lim-

ited by interactions with residual gas. At energies above a
few hundred keV, ionization is dominant over excitation for
protons in nitrogen gas [5]. The cross section for ionization
of nitrogen by 2.5 MeV protons is 7.19×10−17cm2 [6]. For
the circumference of the IOTA ring given in Table 1 and
assuming a gas sheet thickness of 0.2 cm, the path length
through the residual gas is 2×104 greater than that through
the gas sheet. To produce no more than a 1% effect on the
lifetime of the beam, for the vacuum pressure given in Table
1, the pressure of the gas jet would have to be 1.2×10−7 torr.

At room temperature, the gas jet would have a density of
3.9×109 cm−3. The number of electron-ion pairs produced
per second by the beam can be found by:

ÛN = σ
Ib
q

ng l (1)

where σ is the ionization cross section, Ib is the beam cur-
rent, q is the proton charge, ng is the gas number density, and
l is the gas sheet thickness. The total number of electron-ion
pairs produced per turn (i.e. 8.85×1010 incident protons) is
5.03×103.

A more accurate estimation would take into account exci-
tation, secondary ionization, etc., and is derived from mea-
surements of the average energy required to ionize a gas
molecule [7–9]. In this case, the number of electron-ion
pairs produced per second is:

ÛN =
dE
dx

Ib
q
ρg l
Wi

(2)

where dE/dx is the stopping power of protons in nitrogen,
ρg is themass density of the gas, andWi is the average energy
required to ionize a gas molecule. Using 118 MeV cm2/g for
dE/dx and 36 eV for Wi , the total number of electron-ion
pairs produced per turn is 1.14×104.

HARDWARE
Groups at the Cockcroft Institute and KEK [10,11] have

previously developed gas jet monitors. The device to be used
in IOTA will be based on these designs, with modifications
to fit the experiment constraints. Various skimmers and
capillary configurations will be tested for optimal gas jet
thickness, orientation, and velocity. Vacuum requirements
will be maintained to ensure minimal residual gas along the
beam pipe. Other hardware such as the MCP and CCD array

will be configured to the beam revolution period to have an
integrated measurement at each turn.

OUTLOOK
Further simulation of the beam gas interaction to be done

includes propagating the beam for a larger number of turns
and implementing an electric extraction field where the
gas jet is to be placed to determine if perturbation of the
beam preserves integrability. Currently a gas-jet monitor test
bench is being installed in FAST at Fermilab. It is planned
to test various parameters of the gas jet for optimal perfor-
mance. A proton beam in the IOTA lattice is expected in
2019.
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