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Abstract. NbsSn is a prospective material for future superconducting radio frequency (SRF)
accelerator cavities. Compared to conventional niobium, the material can achieve higher quality
factors, higher temperature operation, and potentially higher accelerating gradients (Eacc = 96
MV /m). In this work, we performed modeling of the Upgraded Injector Test Facility (UITF) at
Jefferson Lab utilizing newly constructed NbsSn cavities. We studied the effects of the buncher
cavity and varied the gun voltage from 200-500 keV. We have calibrated and optimized the SRF
cavity gradients and phases for the NbsSn five-cell cavities’ energy gains with the framework of
the General Particle Tracer (GPT). Our calculations show the beam goes cleanly through the
unit. There is full energy gain out of the second SRF cavity but not from the first SRF cavity
due to non-relativistic phase shifts.

1. Introduction
The desire to reduce construction and operating costs of future SRF accelerators motivates
the search for higher-performing alternative materials. NbsSn is a very promising alternative
material for SRF accelerator cavities. Nb3Sn possesses a high critical temperature (T. ~ 18.3
K) and superheating field (Hg, =~ 425mT) [1, 2] giving it the potential for higher intrinsic quality
factor (Qp) than niobium (Nb), 4.2 K operations, and accelerating gradients of ~ 96 MV /m.
NbsSn has a critical temperature about twice that of Nb, allowing it to achieve a high Qg > 10'°
at approximately two times higher operating temperatures than Nb. Changing the operating
temperature from 2.0K, typical for Nb, to 4.3 K for Nb3Sn while maintaining Qq in the 10'° to
10" range would reduce energy consumption and thus cryogenic operating costs by as much as
an order of magnitude, and would substantially decrease infrastructure costs for the cryogenic
plant. NbsSn cavities have a very high quality factor even above 4K. They can be cooled with
cryocoolers for cavity cooling, which significantly cuts capital and installation costs, enabling
compact and potentially even mobile applications. Many studies and tests have been done at
Thomas Jefferson National Laboratory (JLab) [3, 4, 5] for Nb3Sn and we performed the numerical
simulation study of two 5-cell cavities coated with NbsSn through the accelerator layout at UI'TF
for the first time.

Based on the UITF beamline layout with a new SRF booster that eliminates the need for
a warm capture section, this paper describes the transport of the electron beam through the
elements of a 12 m beamline which consist of the photocathode electron gun, solenoids and
magnets, buncher cavity, and accelerating superconducting radio frequency (SRF) cavities.
With the General Particle Tracer (GPT) [6] simulations, we will describe the designed beam
size, the initial electron beam distribution, calibration, and optimization of the Nb3Sn cryounit
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Figure 1. Cathode to the quarter cryomodule (QCM) layout of the Upgraded Injector Test
Facility (UITF) at JLab.

using different gun voltages 200 keV, 350 keV, and 500 keV. Also, we will describe the beam
properties that would be expected without a capture section.

Figure 2. NbsSn pair cryomodule with each of five cells separated by 792.79 mm between their
centers [7].

2. Beamline setup and simulation details

Figure 1 is the schematic representation of the keV beamline at the Upgraded Injector Test
Facility (UITF) at JLab. The beam dynamics simulation was performed by General Particle
Tracer (GPT) [6]. For the simulation, we have used a straight beamline; 15° dipole, RF choppers,
beam diagnostics, Wien apertures, etc. are omitted. The laser pulses are getting absorbed by
the photocathode inside the electron gun cavity causing the gun to emit the electrons. The
electrons are then accelerated to 200 keV initially by the electric field in the DC gun. The
electron beam is transported through the solenoids, quadrupoles, and buncher cavity of 750
MHz before reaching the SRF cavities of 1497 MHz. There are two cavities inside the SRF
cryomodule, both of them are 5-cell NbsSn cavities separated by 792.79 mm between their
centers as shown in figure 2. Again, we performed simulations with a different DC gun electric
fields to accelerate the beam to 300 keV and 500 keV.
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3. Initial distribution

For the particle distribution at the cathode in simulation, the beam is assumed to have a
Gaussian distribution in ¢, z, y, p;, and p, following the profile of the laser. The transverse
beam size is 213 pm, the laser pulse length is 21.3 ps, and the transverse emittance is 0.061 mm
mrad. We have used 1D profiles for the DC gun and SRF cavities, a 2.5D field map for RF
buncher, and 2D and 3D field maps for the solenoids. The beam current used is 1 nA. Thus,
the bunch charge is calculated by 1 nA with 750 MHz CW (continuous wave) mode frequency,
which is 1.333 x 107'8C. The applied macro particle number is 2500.
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Figure 3. 1D field map used for NbgSn cryounit in the computer simulation.

4. Nb3Sn unit acceleration
We incorporated the buncher cavity into the study and looked at various SRF cavity
gradients/phases. The 1D field map for the cryounit in the simulation is shown in figure 3.
Using the field map for the cryounit, we first calibrated the accelerating gradient using the
second cavity where the beam is relativistic. Once calibrated, we have optimized the crest phases
for each cavity at different accelerating gradients with only the first cavity on. The reason is
that the different acceleration rates lead to different phase shifts. Then, the actual energy gains
were achieved after cresting had been completed. From the computer simulations, we found that

Eo
EaCC

—2.1086 (1)

for the given field map. Where Eg is the peak value of the electric field, and E,. is the
accelerating gradient.

5. Results and discussion

After cresting each of the cavities, the actual energy gains achieved were calculated. The energy
gains vs. accelerating gradients are plotted for each of the cavities for different gun voltages 200
kV, 350 kV, and 500 kV. They are shown in figures 4 and 5. The energy gain of an arbitrary
particle with charge e traveling through a SRF gap [8, 9] is:

AW = e/_o:o E(0,z) cos (;z + (bs) dz = eVT cos ¢ (2)
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Figure 4. Beam kinetic energy (KE) gain for the first 5-cell cvaity with second five-cell cavity
off for different gun voltages 200 kV, 350 kV, and 500 kV.
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Figure 5. Beam kinetic energy (KE) gain for the second 5-cell cavity (first cavity at 3.6 MV /m)
for different gun voltages 200 kV, 350 kV, and 500 kV.

where Vo = [ E(0,z) dz = EgL is an axial RF voltage, z is the beam axial distance, L is
the effective length of the RF cavity and is given by L = SArp/2, and E¢T = E,cc, ¢s is the
synchronous phase of the particle. The transit time factor T is a measure of the reduction of
energy gain caused by the sinosoidal time variation of the filed in the SRF gap and is given by

% B(0,7)sin (42) dz

- J2o E(0,2) cos (%) dz
20, E(0,2) d=

20 E(0,2) d=

— tan ¢y

3)
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where w is the RF angular frequency, Arr is the RF wavelength, 8 the normalized velocity, and
c is the speed of light in vaccum.
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Figure 6. The energy gains vs. phase of-crest (®) for the first (left) and second cavity (right)
for the accelerating gradient of 10.10 MV /m for 200 keV beam.

For the first 5-cell cavity as shown in figure 4, the energy gain obtained from the simulation is
not linear with the accelerating gradient inside the cavity. The non-linear relation for the beam
(200 keV, 350 keV, and 500 keV) is best fitted by the fifth order of the polynomials. However,
the best non-linearity is obtained for the 200 keV beam than the 350 keV, and 500 keV cases.
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Figure 7. Transverse beam sizes (0, and o) for the 200 keV beam.

There are several issues to explain the “non-linearity”. First, the beam is not relativistic
when it enters the cavity as the electrons traversing the cavity are not velocity-of-light and there
is phase shifts and incomplete accelerations. The second isssue is the transit time factor. And
lastly the effective length of the 5-cell cavity changes for the non-relativistic beam. The cavity
length specified L = SArr/2 works poorly for low (3 cavities. So the energy gain is not linear
with the field inside the cavity (Eac.). For the different settings, the deviation of the energy
gain from a linear model in a two-gap RF cavity for a non-relativistic beam was calculated by
A. Shemyakin [10]. We observed exactly the same non-linearity for the first 5-cell cavity.

For the second 5-cell cavity, the beam is relativistic and the energy gain obtained from the
simulation is linear with the accelerating gradients inside the cavity. The linearity for the beam
(200 keV, 350 keV, and 500 keV) are best approximated by the linear fit as shown in figure 5.
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Figure 8. Normalized transverse emittances (e, and €yy) for the 200 keV beam.

Again, setting the electric field gradient for both of the 5-cell cavities E,ec = 10.10 MV /m,
we plotted energy gain vs. the phase off-crest for them for a 200 keV beam which is shown in
figure 6. From the figure, it is clearly seen that there is an incomplete acceleration from the
first 5-cell cavity. But the full energy gain is achieved from the second 5-cell cavity as the beam
entering the cavity is relativistic. Also, the gain is the cosine function of the phase relative to
the crest.

Also, we observed the beam characteristics downstream after the cryounit for the 200 keV
beam setting the field gradient (Eac.) for the first cavity and second cavity to 3 MV/m and
5 MV /m, respectively. The beam has a bunch length of 1.10 ps, average kinetic energy of
6.86 MeV, and energy spread op of 14.95 keV. The beam envelope (transverse beam sizes and
normalized transverse emittances) along the beamline are shown figures 7 and 8 respectively.

6. Conclusion

We have calibrated and optimized the Nb3sSn cryounit at UITF at Jefferson Lab using GPT
modeling. For all the studied beam cases (200 keV, 350 keV, and 500keV), the beam goes
cleanly through the unit. The beam is not fully relativistic for the first 5-cell cavity; there is
no full energy gain out from the cavity. The energy gain is not linear with the field inside the
cavity whereas the beam is relativistic for the second 5-cell cavity, there is almost full energy
gain out from the cavity. The energy gain is linear with field inside the cavity. Also, we found
that using the velocity-of-light structure for the non-relativistic beam is suitable for the desired
beam requirement after the quarter cryo-module at Upgraded Injector Test Facility (UITF).
Jefferson Lab intends to install such NbsSn cavities in UITF and accomplish the world’s first
beam acceleration by NbsSn.
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