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Abstract

This paper documents JLEIC Booster acceleration ramp and RF parameters, based on a set of
assumptions and estimations included in this document. This is a live document that will be updated as
detailed parameters are determined. Appendix A includes summary parameter tables for reference.

1 Base Parameters

Table 1 of Appendix A details lattice parameters related to the JLEIC Booster, such as the circumference,
geometric parameters, basic optics parameters, and maximum dipole ramp speed. Several of these are
taken from the most recent madx deck in the JLEIC svn repository as of this writing [1].

Table 2 of Appendix A details proton beam parameters, including kinematics, related to the JLEIC
Booster. These are detailed for three energies of interest: injection, mid-energy DC cooling, and extrac-
tion.

Table 3 of Appendix A details lead beam parameters, including kinematics, related to the JLEIC
Booster. These are detailed for two energies of interest: injection and extraction. 208Pb is assumed
(consistent with LHC acceleration) [2], with a charge state of +62 [3]. Note that the extraction energy for
lead ions has not been well-documented at the time of this writing (July 18 2017). For these calculations
we assume that this is consistent with maintaining the same dipole field as proton extraction.

Note that there is historical inconsistency about whether KE or total energy E are quoted for Booster
energies. Reference [4] clearly states that the total proton beam energy ranges from 1.2 GeV to 8.0 GeV,
consistent with a kinetic energy (KE) range of 280 MeV (injection) to 7.06 GeV (extraction). This is
also reasonably consistent with an expected maximum required dipole field of ∼3 T. For consistency,
this document uses KE at injection (280 MeV) and cooling (2.0 GeV), and total energy at extraction
(8.0 GeV), as the baseline reference energies and derives other energies in Appendix A tables.

2 Ramp Parameters

2.1 Other Booster Ramp Functions

Some fast-cycling booster ramps, particularly for boosters that have cycle times that are resonant with
a subharmonic of 60 Hz, follow sinusoidal ramp curves, e.g. [6, 7]. Resonant booster ramping is energy
efficient and very reliable, but has no provision for periods of constant main dipole field for injection,
cooling, or extraction.

Some other slower booster cycles, such as the AGS Booster at Brookhaven [8], have fully pro-
grammable magnet ramps that are controlled by piecewise-continuous functions.

The JLEIC Booster main magnets are superferric with fields up to approximately 3T. Other super-
conducting magnet ramps, such as that for the LHC, are piecewise continuous and quadratic or linear
with sections of exponential acceleration to reduce ramping time and control sextupole snapback [9].

2.2 JLEIC Booster Ramp

For simplicity and ease of parameterization, the Booster acceleration ramp is chosen here to be symmet-
rically quadratic/linear/quadratic between sections of constant main dipole field. This permits complete
parameterization of the dipole field and rigidity in terms of four parameters: start and end fields, and
maximum first and second time derivatives of the dipole field.
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The maximum ramp rates are detailed in Table 1. Note that the quoted B̈ is a rough estimate
based on other superconducting magnets, but will require iteration with the magnet builders during
cost/performance optimization [13], and magnet electrical considerations of total circuit inductance and
available drive voltage. This document, and resulting Booster ramp parameters, will be updated with
further references as these parameters are determined during prototyping and engineering design.

The calculated Bρ from injection (Bρ = 2.592 T-m) to the cooling porch (Bρ = 9.288 T-m), and
from the cooling porch to extraction (Bρ = 26.5 T-m) for protons is shown in Fig. 1. A full cycle for Pb
without a cooling porch is shown in Fig. 2

Figure 1: Booster proton acceleration ramp Bρ, injection to cooling porch (left) and cooling porch to
extraction (right).

Figure 2: Booster lead acceleration ramp Bρ, injection to extraction.

A perl script, RampCalculator, has been written to produce plots and ramp files for Booster ramp
design based on a small set of input parameters. These input parameters include

• Booster circumference, γ2
T (for imaginary γT), bend radius

• Species Z, A

• RF harmonic number and (piecewise linear) voltage

• KE start, end

• Dipole maximum Ḃ, B̈

This script assumes a piecewise linear RF voltage, and RF synchronous phase consistent with accelera-
tion requirements from the local acceleration ramp. This script and this document will be updated as
necessary to support further programmability of the RF voltage and phase, but a piecewise linear RF
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voltage ramp is enough to construct a voltage ramp with reasonable longitudinal acceptance and bucket
height through the Booster cycle.

Output of RampCalculator includes plots and tables of many derived parameters vs time (in seconds)
in the ramp:

• Magnet parameters: B, Ḃ

• Kinematics: Bρ, total E, p, ṗ, γ, β, v, frev

• RF: fRF, ηC, φs, Qs, bucket height, bucket area

RF parameters are calculated from interpolation of tables given in reference [11], with the above assump-
tion of locally appropriate synchronous phase φs from fixed VRF and required Ė.

RampCalculator quotes kinematic quantities relative to the proton mass (938.272081 MeV/c2) for
protons, and per amu (931.494095 MeV/c2) for non-proton ions. The reference mass for 208Pb used for
calculations in this paper is 207.976653 amu [10].

2.3 RF Voltage and Captured Bunch

A primary consideration for the Booster ramp design is choice of RF parameters. The nominal choice of
harmonic number is h = 1, to maintain long bunches, maximize injection capture efficiency from the ion
linac, and minimize effects of space charge for a given total Booster cycle intensity. This determines the
RF frequency fRF. For initial coasting beam, the synchronous phase φs = 0.

The RF voltage VRF is determined by the momentum aperture. The largest horizontal dispersion in
the Booster lattice is approximately ηx=-4.5 m, where the horizontal beta function is about βx = 17 m
[1]. Assuming a ±4 cm horizontal aperture that is about 2/3 momentum acceptance at this location,
this gives

0.001 m2 = η2xσ
2
δ ⇒ σδ = 7× 10−3

0.0006 m2 = εxβx ⇒ εx = 35 µm, εx,N = 29 µm

The quoted rough normalized acceptance here may seem large compared to the 1 µm normalized emit-
tance quoted in [4], but this is at injection before cooling rather than at extraction.

For comparison, the AGS Booster was used to study SNS ring injection parameters in early 2000 [12],
with injection energy of 200 MeV, h = 1 at VRF = 45 kV. The AGS Booster transverse acceptance at
this energy as quoted in this reference is 90 πµm.

The RF bucket height is given by [11] and equated to 7× 10−3 above to give

7× 10−3 =

(
2eVRF

πh|ηC|βcp0

)1/2

eVRF = (0.5π)(1)(0.597)(0.638)(777.07 MeV)(7× 10−3)2

= 22.8 kV

This is close to a suitable RF voltage for initial coasting beam capture after injection, though it is
likely that the optimal ramp will raise the RF voltage just before acceleration to balance the reduction
in RF bucket area during acceleration. This gymnastic is typical of other high-intensity boosters where
RF voltage is raised just after injection is complete.

RF capture of the initial coasting beam should be close to adiabatic, but should not be overly long
to avoid deleterious space charge effects. The debunching time of a coasting beam is

τdebunch =
2π

ωRF ηC δ̂
= 800 µs (2.1)

Since the process should be close to adiabatic, capture time should be about ten times this value or
8 ms. Adiabatic linear increase of the capture RF voltage from zero to 22.8 kV in 8 ms produces a bunch
distribution shown in Fig. 3, with 99% capture efficiency with no space charge. The energy spread is
roughly Gaussian with ERMS = 1.38 MeV or δRMS ≈ 5× 10−3, and the bunch length is θRMS = 57.7◦ or
tRMS = 231 ns.

From esme, the acceleration bucket has an area of 6.17 eV-s (consistent with RampCalculator), with
an estimated bunch area of 1 eV-s. The RampCalculator RF bucket area and bucket height from injection
to the cooling porch are shown in Fig. 4 for constant VRF = 22.8 kV. The maximum synchronous phase
φs is 5.8◦, which provides some headroom to lower RF voltage or increase the synchronous phase for
bunch length control during Booster acceleration.
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Figure 3: Booster proton longitudinal distribution just after 8 ms RF capture at VRF = 22.8 kV.

2.4 Bunch Intensity

2.4.1 Protons

The baseline JLEIC collision parameters [14] show proton bunch intensities of 0.98×1010 at 476.3 MHz,
with a total beam current of 0.75 A. These parameters are self-consistent. [15] uses twice this RF
frequency (952.6 MHz) for the ion ring, but is consistent with the collision rate of 476.3 MHz so only
every other RF bucket of 952.6 MHz is filled. This can be accomplished by a straightforward rebucketing
gymnastic.

Assuming an h = 28 acceleration harmonic, the above are consistent with a 27 binary bunch split
followed by the rebucketing. Each of the h = 28 bunches is a single Booster cycle bucket-to-bucket
injection, so each Booster cycle should have a total beam intensity of 27 × (0.98 × 1010) = 1.25 × 1012

protons.
The various transport processes are not 100% efficient. In particular, we include an estimate of

95% efficiency for Booster transfer (no stripping), 95% acceleration efficiency, and 90% rebucketing/RF
efficiency, leading to a total estimated (or budgeted) efficiency of 81%. Therefore the end of the Booster
cycle should have about 1.54×1012 protons. This is comfortable compared to the expected single-pulse
proton intensity from the linac of 6× 1012 protons (2 mA in a 0.5 ms pulse [3]).

2.4.2 Lead

There are not many documents available detailing the ion requirements for EIC. Some guiding expecta-
tions may be ascertained from Table 3.2 in reference [16] in 2015. Here it is clear that the beam current
is expected to be 0.5 A, and bunch length is expected to be 1 cm, regardless of species. Lead is fully
stripped at this point, so the Pb bunch intensity is lower than the proton bunch intensity by a factor of
82. Table 3.2 in reference [16] is self-consistent in this regard.
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Figure 4: Booster proton RF bucket area (left) and bucket height (right), injection to cooling porch, with
constant VRF = 22.8 kV.

As with protons, the various transport processes are not 100% efficient. Here we include an estimate
of 75% efficiency for Booster transfer (including Pb stripping), 95% acceleration efficiency, and 90%
rebucketing/RF efficiency, leading to a total estimated (or budgeted) efficiency of 64%. Therefore the
end of the Booster cycle should have about 2.38×1010 Pb ions.

From reference [3], linac heavy ion pulses have maximum current of 0.5 A and maximum duration of
250 µs. This gives a total charge of 1.25×10−7 C, or 1.26×1010 62Pb ions. As this is an upper limit,
several linac pulses (at least two or three) will be required for each Booster Pb ion cycle. Each Pb linac
pulse of 250 µs is about 120 turns in the Booster, so phase space painting will be required.

Note that this estimate does not include multiturn injection efficiency (which can be 30-50%), and
probably underestimates the transfer efficiency from the Booster to collider ring with Pb stripping.
Appropriate Pb intensity accumulation in the Booster will therefore be a significant challenge, requiring
several linac cycles of 120+-turn accumulation per Booster cycle.
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A Appendix: Reference Parameter Tables

Table 1: JLEIC Booster Lattice Parameters for Ramp Design

Parameter Units Value Reference

Circumference [m] 275.087 [1]
Fig 8 Crossing angle [deg] 80 [4]
Total ring bend [deg] 520 [4]
Dipole bend angle [rad] 0.1417 [1]
Ndipoles [–] 64 [1]
Dipole length [m] 1.201 [1]
Dipole bend radius [m] 8.470 derived
βx,max [m] 25.07 [1]
βy,max [m] 26.70 [1]
αC [–] −3.6× 10−3 [4]
γT [–] 16.67 i derived

Ḃmax [T/s] 1.00 [5]

B̈max [T/s2] 5.00 [13]

Table 2: JLEIC Booster Beam Parameters for Ramp Design: Protons

Parameter Units Injection Cool Extraction Reference

KE [MeV] 280.00 2000.0 7061.7 [4] / derived
E [MeV] 1218.2 2938.3 8000.0 derived / [4]
γ [–] 1.2984 3.1316 8.5263 derived
β [–] 0.63784 0.94764 0.99310 derived
v [×108 m/s] 1.9122 2.8410 2.9772 derived
p [MeV/c] 777.07 2784.4 7944.8 derived
Bρ [T-m] 2.5920 9.2879 26.501 derived
B [T] 0.3058 1.0958 3.1267 derived
frev [kHz] 695.13 1032.8 1082.3 derived
Trev [µs] 1.4386 0.9683 0.9240 derived
ηC [–] -0.5968 -0.1056 -0.0174 derived
h [–] 1 1 1 [5]
fRF [kHz] 695.13 1032.8 1082.3 derived

VRF [kV] 22.8 – – Section 2.3
τdebunch [ms] 0.8 3.1 – Eqn. 2.1
Bunch length tRMS [ns] 231 – – Section 2.3
Energy spread δRMS [×10−3] 5 – – Section 2.3
Longitudinal emit [eV-s] ∼1 – – Section 2.3

Bunch intensity [1012] 1.75 1.75 1.75 Section 2.4
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Table 3: JLEIC Booster Beam Parameters for Ramp Design: Lead, 208Pb+62

Parameter Units Injection Extraction Reference

KE [MeV] 100.00 1612.04 [3] / derived
E [MeV] 1031.5 2543.54 derived
γ [–] 1.1074 2.73060 derived
β [–] 0.4295 0.93053 derived
v [×108 m/s] 1.2877 2.78965 derived
p [MeV/c/u] 215.147 834.302 derived
Bρ [T-m] 4.95748 26.4832 derived
B [T] 0.58530 3.1267 derived / Same as p extraction
frev [kHz] 468.104 1014.10 derived
Trev [µs] 2.13628 0.98610 derived
ηC [–] -0.81905 -0.13766 derived
h [–] 1 1 [5]
fRF [kHz] 468.104 1014.10 derived

Bunch intensity [1010] 2.38 2.38 Section 2.4
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