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Abstract
     Control of the beam-energy ramp along the length of a 
proton linear accelerator is required to keep the 
accelerator tuned according to design. Historically, the 
values of the field amplitudes and phases of the side-
coupled, 805-MHz LANSCE linac modules are 
maintained using a well-known delta-t tuning procedure 
[1]. Time-of-flight measurements of the proton beam 
energy are now also being used to confirm and improve 
the overall control of the energy ramp along the linac. The 
time-of-flight method uses absolute measurements of 
beam energy using direct signals from beam at an 
oscilloscope, as well as the difference in RF phases 
measured as the beam passes installed delta-t pickup 
loops. A newly developed BPPM data acquisition system 
is used. Details of the procedure and results of 
measurements are presented.

INTRODUCTION
The LANSCE accelerator facility is equipped with two 

independent injectors for H+ and H- beams, merging at the 
entrance of a 201.25 MHz Drift Tube Linac (DTL). The 
DTL performs acceleration up to the energy of 100 MeV. 
After the DTL, the Transition Region beamline directs a 
100 MeV proton beam to the Isotope Production Facility, 
while the H- beam is accelerated up to the final energy of 
800 MeV in an 805 MHz Coupled Cavity Linac (CCL). 
The H- beams, created by different time structure of a 
low-energy chopper, are distributed in the Switch Yard 
(SY) to four experimental areas: Lujan Neutron Scattering 
Center equipped with Proton Storage Ring (PSR), 
Weapon Neutron Research Facility, Proton Radiography 
Facility, and Ultra-Cold Neutron Facility.

 The Drift Tube Linac consists of 4 tanks, which 
amplitudes and phases are selected through absorber-
collector phase scans. Coupled Cavity Linac includes 44 
accelerating modules (modules 5-48), which amplitudes 
and phases are tuned using the “delta-t” method [1]. This 
classical method is based on measurement of time of 
flights between two pairs of delta-t pickup loops while 
accelerating module is on and off. Delta-t method uses 
only a small phase range (~ 10o) for tuning because the 
procedure is based on a linear model. Delta-t tuning 
procedure works well when particles perform significant 
longitudinal oscillations within RF tanks. Accuracy of the 
method unavoidably drops with energy. In order to 
independently control tuning of the machine, the time of 
flight method for beam energy measurement was added.

Figure 1: Measurement of beam energy by difference in 
BPM RF phases.

Figure 2: Beam RF phases measured at delta-t loops (in 
micro degrees).

BEAM ENERGY MEASUREMENT BY 
TIME OF FLIGHT

   Energy measurement of the beam is usually performed 
through measurement of time of flight (TOF) of beam 

 between 2 pickup loops (see Fig. 1), separated t  L / c

by distance L, where  is the beam velocity [2]. Time c
of flight can be represented as 

, (1)t  N 
c

 t

where N is the integer number of RF periods during time 
of flight,  is the wavelength, and  is the fractional  t
part of time of flight. The change of RF phase during time 
of flight is

,  (2)t  2 N  

where  is an actual measured fractional   2ct / 
part of phase change (see Fig. 2). Expressing beam 
velocity from Eqs. (1), (2):

, (3) 
L

(N 

2

)

the beam energy is determined as

 ,                (4)W  mc2 ( 1
(1  2 )

1)
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Figure 3: Time of flight measurement of absolute beam 
energy.

Figure 4: Measurement of time of flight of bunch train 
between two delta-t loops.

where  is the ion rest energy and N  is the value of mc2

integer number of RF periods during time of flight. The 
error in determination of beam velocity is 

(5)d


 (dL
L

)2  ( ( / 2 )

N 

2

)2

where  is the error in measured distance between dL / L
pickup loops, and  is the error in phase  ( )
measurement, while error in determination of energy is 

. (6)
dW
W

  ( 1) d


Separation in possible values of energy due to ambiguity 
in velocity determination is (N >> 1)

. (7)W
W


 ( 1)

N

     Determination of beam energy requires knowledge of 
integer number of RF periods during time of flight. Direct 
observation of beam pulse trains (see Figs. 3, 4) allows 
measurement of absolute value of time of flight between 
two loops [3]. Beam velocity is determined as

, (8) 
L

c[t  ( cable2   cable1)]

where t is the observable time of flight at the scope, and 
, are cable lengths measured in terms of  cable1  cable2

time required for signal propagation from pickup loop to 
the scope. Error in determination of velocity is

,    (9)
d


 (dL
L

)2  ( dt
t   cable

)2  [d( cable )
t   cable

]2

where is the cable length  cable   cable2  cable1

difference.

RESULTS OF MEASUREMENTS
    For beam energy measurement, we used existing Δt 
loops distributed along the linac. Both methods, presented 
above, included preliminary calibration of cable lengths, 
which was done using beam with known energy. Final 
beam energy of the linac 795.46 MeV is determined 
through operation of LANSCE Proton Storage Ring, 
which has circumference of 90.26 m and operational 
frequency of 2.792424 MHz. Final pair of Δt loops after 
linac (loops 48 – SY) is separated by the distance of 

 = 20.029 m. Measured time of flight t48 = 146.6 L48SY

nsec between that Δt loops with known beam velocity β48 
= 0.84073 provides beam-based measured difference in 
cable length

       (10) SY   48  t48 
L48SY

48c
 67.1337 ns

For control of beam energy after every accelerating 
module, each module was subsequently delayed and TOF 
between loops 48-SY was determined. Measurements 
started from the last module 48 and performed until 
module 13, unless the signal from drifting beam was 
observed. Using Eqs. (4), (8), the particle velocity and 
beam energy were determined.
    The similar technique was used to measure beam 
energy in the beginning of 805 MHz linac. Beam with 
known energy of 100 MeV after DTL was used to 
calibrate cable length difference of Δt loops after modules 
11-12. Using distance between loops  = 16.976 m, L1112

velocity of 100 MeV particles = 0.42799, and 100 MeV

measured TOF = 196.15 ns, the beam-based t100 MeV

measured difference in cable length of loops 11-12 is:

.      (11)12  11  t100MeV 
L1112

100 MeV c
 63.84528 ns

Turning on subsequently modules 5-11, we measured 
TOF and beam energy after modules 5-11. The final 
determination of energy after module 12 was performed 
using measured beam energy after module 11, E11 = 
196.318 MeV, and Δt loops after modules 12-13.
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    Typical error in determination of time of flight in 
absolute measurements is = = 0.1 - 0.2 ns. dt  cable

Distances between Δt loops are known with relative error 
of = . The error in absolute determination of dL / L 5 105

energy is

.       (12)

Absolute energy measurements were used as a reference 
for more precise energy determination using 
determination of RF phase difference in Δt loops. 
    A newly developed BPPM data acquisition system to 
control the 3D position of the beam centroid ( , phase) x, y
was used. As in previous method, we started 
measurements from the end of the linac using 48-SY Δt 
loops. Measured beam phase difference between loops 

 together with expected difference in SY 48  192o

beam phase

,  (13)expected_48_SY  2[ L48SY

48
 INT ( L48SY

48
)]  357.3o

provides phase correction due to difference in cable 
lengths . Using corr  expected_48_SY  (SY 48 )  165.3o

the RF phase difference measurement in loops 48-SY, and 
known value of integer RF periods for each value of 
energy from absolute measurements, N, the beam energy 
was determined in modules 35-48.
     In order to perform beam energy measurement in 
modules 5-34, the calibration of each pair of Δt loops was 
done using measured beam energy from previous module 
while tested module was off:

,    (14)corr  2[ L
in

 INT ( L
in

)] (loop2
OFF loop1

OFF )

where  is the measured beam velocity from previous in

module. Then, turning module on, the beam velocity after 
tested module was determined though measured phase 
difference :loop2

ON loop1
ON

, (15) 
L

(N 
loop2

ON  loop1
ON  corr

2
)

where value of N was known from absolute TOF 
measurement. 
     Error in determination of phase in considered method 
is . This method appears to be more accurate  ( )  1o

than the absolute energy measurement method. The 
estimated error is one order of magnitude smaller than 
that in absolute method:

Table 1: Results of Beam Energy Measurements (MeV) 
of 805 MHz Linac

    (16)

Separation in energy due to ambiguity, Eq. (7), is two 
orders of magnitude larger than error, Eq. (16). Table 1 
contains results of measurements performed by both 
methods. Obtained results create basis for more careful 
tuning of linear accelerator.
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