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Abstract 
The ISIS neutron spallation source is a pioneering re-

search infrastructure in the field of high-intensity accelera-
tor physics, catering to scientific users. Comprising a 
70 MeV injector linac and an 800 MeV Rapid cycling syn-
chrotron with two beam targets, this facility has witnessed 
several upgrades in recent years, leading to enhanced trans-
mission efficiency. Further optimization efforts are under-
way to ensure continuous improvement. This article fo-
cuses on beam physics simulation studies conducted on the 
current ISIS linac, aiming to gain a deeper understanding 
and analysis of various phenomena observed during rou-
tine operations and accelerator physics experimentation. 
By examining these phenomena, valuable insights can be 
obtained to inform the future development of high-effi-
ciency injectors for ISIS-II. 

INTRODUCTION 
Over nearly 40 years, the ISIS spallation source, based 

at the Rutherford Appleton Laboratory, has consistently 

provided neutrons to scientists worldwide, establishing it-
self as a pivotal hub for research in the physical and life 
sciences in UK and Europe.  

The accelerator comprises a 70 MeV H- injector, an 
800 MeV synchrotron, and two target stations. The injector 
begins with an H- ion source, followed by a three-solenoid 
low-energy beam transport line (LEBT) and a 665 keV, 
four-rod Radio Frequency Quadrupole (RFQ) operating at 
202.5 MHz. A Drift Tube Linac (DTL) consisting of four 
tanks accelerates the beam to 70 MeV [1, 2]. 

The layout of each section, including the ion source and 
RFQ, new Medium Energy Beam Transport (MEBT, to be 
installed), DTL, and High Energy Drift Space (HEDS), is 
depicted in Fig. 1.  

In recent years, the ISIS machine has undergone several 
upgrades that have enhanced its reliability and broadened 
its utility for both users and accelerator physics experi-
ments. [3, 4]. 

 
Figure 1: Schematic representation of pre-injector of ISIS (a) ion source, LEBT, RFQ; (b) MEBT design; (c) Drift Tube 
Linac Tanks, (d) High Energy Drift Section (HEDS) [5, 6]. 

The parameter settings in each section of the accelerator 
profoundly impact the transmission efficiency of other sec-
tions. It is crucial to view the MEBT, DTL, and HEDS sec-
tions as integrated units within the accelerator. This holistic 
approach enables us to gain a more comprehensive under-
standing of the events that occur during machine operation, 
particularly in the areas highlighted with red rectangles in 
Fig. 1, where non-negligible beam loss is routinely meas-
ured. In the subsequent sections the machine's current op-
erational status will be outlined and compared to simula-
tion results before and after implementing the proposed 

new MEBT. These simulations were conducted using the 
Parmila code for beam dynamic simulations [7]. 

SIMULATION AND MODELING 
The linac comprises four amplifier chains, each consist-

ing of three RF amplifiers, with one chain dedicated to each 
tank. These amplifier chains comprise a 3-kW solid-state 
amplifier, a 200-kW tetrode intermediate-power driver 
stage, and a 2 MW triode high-power output stage. Each of 
the output stages, delivering approximately 2 MW of 
power in 400 µs pulses. [8]. 
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In the upcoming sections, we will explore two different 
configurations of the accelerator injector: with and with-
out the MEBT section.  

(a) ISIS Injector without MEBT 
At the current setting of the ISIS linac, the beam param-

eters at the exit of the RFQ, located approximately 16 cm 
before the first quadrupole of DTL Tank 1, are as follows 
[9]:  

• Horizontal plane (X-X'): αx = 0.396, βx = 0.139 
meters/rad, εx = εrms- unnorm-x = 12.8 π.mm-
mrad 

• Vertical plane (Y-Y'): αy = -0.531, βy = 0.086 me-
ters/rad, εy = εrms- unnorm-y = 12.8 π.mm-mrad 

• Longitudinal plane (W-Phase): αz = 0.045, βz = 
0.819 deg/keV, εz = εrms- unnorm-z = 120 π·deg-
keV 

The beam energy and current at the entrance to the drift 
and DTL are 0.665 MeV and 35 mA, respectively. Beam 
halo formation is observed for a gaussian beam in simula-
tions of machine operation. This phenomenon will be stud-
ied in more detail in the near future, and different solutions 
will be considered for mitigation. Fortunately, within the 
ISIS facility, thanks to the presence of a low-energy injec-
tor linac and RCS collimators, the impact of the beam halo 
on activation due to beam loss remains minimal. 

The results of the simulation for current transmission 
along the Linac and HEDs are shown in Fig. 2 for nominal 
settings. Also shown are the effect of RF phase and ampli-
tude variations in Tanks 1 – 4, in the order of ±5 percent 
and ±1 degree, respectively. As indicated by these simula-
tions, reducing the field amplitude in the tanks has the most 
significant impact on beam loss, and the magnitude of this 
impact varies between different tanks. Notably, this impact 
is particularly pronounced for Tanks 1 and 3. 

One of the most effective techniques for improving op-
erations in spallation neutron sources is the active monitor-
ing of beam loss. Besides measuring beam current trans-
mission between different sections of the machine, it is vi-
tal that we estimate the power loss per meter to identify the 
most probable areas for radioactivation and to compare the 
simulation of beam physics with the machine's operational 
experiences. In ISIS, this procedure has been in place for a 
considerable time, and the precise localization of BLMs al-
lows for adjustments to improve transmission while mini-
mizing activation issues. Figure 3 presents simulated beam 
loss, including the effects of tank RF phase and amplitude 
variations, on the determination of beam and power loss 
per unit length of the machine. 

Additionally, in Fig. 4, the simulated beam power loss 
along the Linac during nominal machine operation is de-
picted. This closely correlates with the measurement re-
sults obtained from BLMs along the injector. Notably, a 
substantial amount of beam power is lost in the first tank 
of the Linac. Fortunately, due to the low-energy nature of 
this part, significant activation is not a concern in this case. 
Depending on machine parameters, approximately 25% to 
35% of the beam is lost in the first tank of the machine. 
Furthermore, we can identify traces of beam loss at the 

transitions between linac tanks, with the most significant 
concentration of loss occurring near HEDS quadrupoles 1, 
2, 3, and 4. Also, beam loss occurs at the end of the HEDS, 
close to injection into the RCS. 

  

 

 
 

 
 

 
Figure 2: Beam current transmission efficiency in linac and 
HEDS for RF amplitude and phase deviation in DTL Tanks 
(a) Tank 1, (b) Tank 2, (c) Tank 3, (d) Tank 4. 

The variation in beam energy based on amplitude is 
not a consistent and predictable occurrence. According 
to simulation results, when the amplitude of the field in 
Tanks 1 and 3 is increased, the beam energy also in-
creases compared to the nominal operation of the ma-
chine. Conversely, increasing the amplitude with the 
other two tanks decreases energy according to Fig. 5-(a) 
and Fig. 5-(b). 

However, the situation is reversed when the RF am-
plitude in the tanks of the ISIS Linac is decreased. In this 
scenario, Tank 4 exhibits lower energy variation effects 
and has the least impact on beam transmission effi-
ciency. 

With the change of phase in each of the tanks, we have 
regular behaviour in the output energy of the beam with 
respect to field amplitude according to Fig. 5-(C) and 
Fig. 5-(d). By +1˚ phase change with respect to nominal 
operation phase of 30˚, the beam energy increased and 
decreased with the -1˚ phase change similarly for all of 
tanks. In the next section, we will conduct studies on the 
machine parameters, focusing on the matched input 
beam, which is pertinent to the machine upgrade involv-
ing the MEBT section. 
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Figure 3: Beam Loss along Linac and HEDS due to phase 
and amplitude errors in (a) Tank 1, (b) Tank 2, (c) Tank 3, 
(d) Tank 4. 

 
(a) 

 
(b) 

Figure 4: Beam loss along the ISIS injector: (a) estimate of 
power loss per unit length from simulation with nominal 
parameters; (b) machine measurement with BLMs.  

(b) ISIS Injector with MEBT 
At the case of completely matched input proton beam, 

the parameters of input beam to ISIS drift tube linac is:  
• Horizontal plane (X-X’): αx = -0.359, βx = 0.479 

meters/rad, εx = εrms- unnorm-x = 12.7 π.mm-
mrad 

• Vertical plane (Y-Y’): αy = -0.188, βy = 0.117 me-
ters/rad, εy = εrms- unnorm-y = 12.7 π.mm-mrad 

• Longitudinal plane (W-Phase): αz = -0.127, βz = 
0.957 deg/keV, εz = εrms- unnorm-z = 120 π·deg-
keV 

Operating the linac with a safety margin of 85% to 90% 
of the RF triode's maximum power is recommended for 
safe operation. For reference, the required RF power for 
tanks at different beam currents is represented in Fig. 6. 

When dealing with a matched beam and maintaining a 
phase advance lower than 90°, it is noted that the beam 
transmission becomes approximately independent of the 
beam current, and the space charge effect is effectively sup-
pressed. However, it is important to consider that the vari-
ations in emittance are more pronounced in the first tank 
compared to the others. Therefore, ensuring the stability, 
reliability, and operational performance of the first tank is 
of paramount importance. 

 
 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 5: Energy Variation at the end of ISIS linac based 
on amplitude and phase variation in each of Tanks (a) +5% 
amplitude, (b) -5% amplitude, (c) +1° phase, (d) -1° phase. 

 
Figure 6: RF power consumption along the cavity length, 
including cavity loss and beam power. 

As depicted in Fig. 7 for various beam currents, it is ev-
ident that at these specific beam currents, the horizontal, 
vertical, and longitudinal emittances experience increases 
compared to the emittance at zero current, with factors of 
2.25, 2, and 2.5, respectively. Despite these emittance var-
iations, the transmission efficiency remains remarkably 
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high, surpassing 99.9% for beam currents of 30 and 35 mA. 
This emphasizes the effectiveness of the MEBT section in 
maintaining beam transmission at these levels. For a com-
prehensive view of beam transmission across a range of 0 
to 55 mA, please refer to Fig. 8.  

Adding the MEBT section between the RFQ and DTL is 
a significant step, and during the commissioning phase, 
alignment becomes a critical consideration. Necessary as-
sessments for the displacement and tilt of the input beam 
in transverse planes have been conducted. When the dis-
placement is kept within 2 mm, the transmission efficiency 
remains high, exceeding 98%. However, this efficiency 
drops significantly to 91% when the displacement in-
creases to 3 mm. Notably, the displacement in the y-direc-
tion has a more pronounced effect than in the x-direction, 
as illustrated in Fig. 9(a). 

In addition to displacement, introducing a tilt of up to 
0.02 radians in the input beam leads to a notable reduction 
in transmission, particularly for tilt in the x-direction. The 
alignment of the beam plane is crucial during the adjust-
ment of beam direction, and it becomes even more critical 
to employ beam position monitors along the length of the 
MEBT for precise control of beam alignment, as depicted 
in Fig. 9(b). 

Considering a combination of misalignments in both x 
and y planes, the optimal values for controlling displace-
ment and tilt are less than 0.1 cm and 0.01 radians. Under 
these conditions, as shown in Fig. 9(c), the transmission 
efficiency remains high, surpassing 97.7%. 

With the current configurations of the MEBT, DTL and 
HEDS, a milestone has been achieved in maintaining a 
consistent transmission efficiency along the entire length 
of the machine, spanning from the RFQ to the RCS. Our 
transmission efficiency consistently exceeds 99.5%. 

 

 
(a) 

 
(b) 

 
(c) 

Figure 7: normalized emittances with a matched input 
beam (a) horizontal, (b) vertical, (c) longitudinal. 

 
Figure 8: Transmission efficiency of ISIS DTL linac for 
different input beam currents. 

 
(a) 

 
(b) 

 
(c) 

Figure 9: Transmission efficiency for matched input H- 
beam (a) displacement in X, Y; (b) tilt in X, Y; (c) combi-
nations of displacement and tilt in X, Y. 

CONCLUSIONS 
In our study, we conducted comprehensive beam dy-

namic modelling of the current ISIS linac, achieving a good 
congruence between our beam loss calculations and exper-
imental measurements. Additionally, we delved into the in-
tricate effects of amplitude and phase variations, recog-
nized as significant contributors to system failures, and du-
tifully presented the outcomes of our simulations.  

Anticipating the forthcoming implementation of the new 
MEBT system, the consequences of beam misalignment on 
the linac's transmission was evaluated. Consequently, sim-
ulations were performed, confirming that maintaining dis-
placements below 0.1 cm and tilts below 0.01 radians 
serves as prudent safety margins for optimal performance. 

It is noteworthy that once the input beam is matched, 
transmission becomes nearly impervious to the fluctua-
tions in beam currents.  
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