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Design and simulation of a wire scanner
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Abstract In this paper, we report the design and simulation of a wire scanner for the linac of the CSNS

(China Spallation Neutron Source). The wire scanner is used to measure the transverse beam profile and

the emittance. The effect of beam energy change upon the mechanical design of the wire scanner must be

considered. The simulation results of heat on the two specified wires, tungsten and carbon, by using the finite

element method software, ANSYS, are presented. In addition, the effect of wire deformation on the beam

profile measurement is qualitatively analyzed, and the signal level of the wire scanner is discussed.
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1 Introduction

The China Spallation Neutron Source project
(CSNS) [1] is an accelerator-based high power project
currently under R&D in China. The accelerator com-
plex consists of an 81 MeV H~ linear accelerator as
the injector and a 1.6 GeV rapid cycling proton syn-
chrotron (RCS). The linear accelerator consists of a
50 keV H™ Penning surface plasma ion source, a low
beam energy transport line (LEBT), a 3 MeV Radio
Frequency Quadrupole (RFQ) accelerator, a Medium
Energy Beam Transport line (MEBT), an 81 MeV
Drift Tube Linear Accelerator (DTL) and a Linac to
Ring Beam Transport (LRBT). For CSNS Phase- I,
the energy at the exit of the DTL will be 132 MeV.
The major parameters of the CSNS Linac are listed
in Table 1. One of the beam instruments being de-

veloped for CSNS commissioning is a wire scanner, |

which is used to measure the beam profile. A beam
profile measurement is important to control the beam
width, as well as the transverse matching between
different parts of an acceleration facility. The loca-
tions of the wire scanners are shown in Fig. 1. At
the LRBT, it is planned to use multi-WS for beam
emittance measurements. Note that the wire scan-
ners used after the DTL tanks will be removed after
the DTL installation is completed.

Table 1. The major parameters of the CSNS linac.

ion H~™
kinetic energy 3-132.2 MeV
pulse current 0.5-30 mA
repetition rate 25 Hz
RF frequency 324 MHz
RMS beam size 0.9-2 mm
DTL3 DTL4 DTLS ||| DTLe6 (|| DTL7

|:| quadrupoles

Fig. 1.
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Schematic layout of wire scanners in the CSNS linac.
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2 Mechanical designs

The mechanical model of the wire scanner is
shown in Fig. 2. The wire scanner will be mounted at
45° to the horizontal plane. The outer assembly that
resides outside the vacuum consists of a stepper mo-
tor, a linear encoder and an electric control platform.
The inner assembly consists of a movable frame that
carries three sensing wires.

Based on the experience of SNS and LEDA, the
clamp grasping the wire is chosen, as shown in Fig. 3.

The structure of the clamp can solve the problem of |

stepper motor

eletric control platform

. bellow

wire sagging and electrical isolation. The signal from
the sensing wire will be measured, therefore the wire
clamp needs electrical isolation by using a ceramic
block. The retaining ring will be used to prevent
the collet from slipping off. Once the spring is com-
pressed, the collar will press the collet, otherwise the
wire will be moveable.

Based on the experience of SNS [2], LEDA [3] and
J-PARC [4], two wire types are considered: tungsten
and carbon. The properties of the two wires are listed
in Table 2. The 32 micron diameter carbon wire is
selected for use. For the tungsten wire, we investigate
25 micron diameter wire.

wire card

wire card q
-

O

Fig. 2. The mechanical model of the wire scanner.
Table 2. The properties of carbon and tungsten.
) density/ melting thermal radiant special tensile
material (kg/m?) point/K conductivity /(W/K/m) emissivity heat/(J/kg/K) strength/MPa
carbon 2000 3870 24 0.8 752 430
tungsten 19350 3700 130 0.13 150 3000
retaining ring | ergy deposited in the wire will cause a temperature
collee increase. In the worst case, the temperature is so high
ceramic that it could cause the wires to melt. Therefore, the
goals of designing the wire are determining the maxi-
spring

collar

Fig. 3.

The wire clamp.

3 Thermal analysis results

The sensing wires of the wire scanner will inter-
cept the beam as they move through it, and the en-

mal temperature of the wire during the scan and the
beam parameter range that is safe for operation of the
wire scanner. The temperature of a wire is decided
by heating the wire with the beam and then using
three cooling mechanisms: radiant cooling, heat con-
duction along the wire and thermionic cooling. Since
the heat conduction and thermionic cooling are small
compared with the radiant cooling, the value of the
wire temperature can be mainly deduced by the heat-
ing of the wire by the beam and radiant cooling.

When a H- beam enters a thin wire, the two
loosely bound electrons quickly detach from the pro-
ton, resulting in three independent charged particles,
each contributing to the energy loss of the beam in
the wire. The energy losses of protons and electrons
are listed in Table 3.
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Table 3.

The energy loss of two types of wires vs. variable beam energy.

32 pum carbon wire

25 pm tungsten wire

position beam proton energy single electron proton energy single electron
energy/MeV loss/MeV energy loss/MeV loss/MeV energy loss/MeV

MEBT 3 0.66 0.0016 1.42 0.0016
DTL 1 21.76 0.138 0.012 0.41 0.012

DTL 2 41.65 0.082 0.022 0.26 0.022

DTL 3 61.28 0.061 0.033 0.197 0.033

DTL 4 80.77 0.048 0.044 0.16 0.044

DTL 5 98.86 0.042 0.054 0.142 0.054

DTL 6 115.8 0.037 0.063 0.127 0.063

DTL 7 132.2 0.034 0.029 0.116 0.072

It is clear from Table 3 that the energy loss of the
electron is not negligible compared with that of the
proton for the high beam energy exceeding 10 MeV.
Note that the electron energy loss of the carbon wire
is lower than that of the tungsten wire for beam en-
ergy 132.2 MeV, because the electrons exit from the
carbon wire but they stop in the tungsten wire.

The total energy losses in the two wires versus
beam energies are shown in Fig. 4.

1.5 g

= 25 pm tungsten wire
1.0 | e 32 pum carbon wire

0.5

energy loss/MeV

0 50 100 150
beam energy/MeV

Fig. 4. The energy losses in the wires vs. beam
energies.

Figure 4 shows that the deposit energy in the wire
decreases with increasing beam energy. The energy
loss in the 32 um carbon wire is less than that in the
25 pum tungsten wire. From this point of view, the
carbon wire is more suitable for the wire scanner.

The temperature variations in the wire can be de-
duced by the following governing equation [5],

dE
pEIPCEkV - EG(T4 - Tstrr)AS
42T dT
—Wd—yz=ﬂ‘/%57 (1)

dFE
where p is wire material density (g/cm?®), — is the

stopping power (MeV-cm?/g), Ipcax is the peak cur-
rent of the beam (pA/cm?), V is the volume of the

wire under consideration (cm?), ¢ is the emissivity of
the wire material, o is the Stephan-Boltzmann coef-
ficient (5.67x107'2 W/cm?/K*), T is the tempera-
ture of the wire (K), Ty is the temperature of the
surroundings (K), A, is the surface area of the wire
(cm?), X is the wire thermal conductivity (W/cm/K),
d*T

W is the differential of the temperature gradient

Y
along the wire, ¢, is the specific heat capacity of the

dT
wire material (J/g/K) and — is the time rate of

change of temperature (K/s).

The first term on the left hand side of Eq. (1) repre-
sents the energy generated inside the control volume.
The second term represents the radiant cooling of the
wire. The third term represents the wire cooling by
heat transport. The term on the right hand side rep-
resents the energy stored inside the control volume.

The ANSYS software using finite element analysis
(FEA) is used to deduce the peak temperatures of the
two wires for the two beam conditions, as shown in
Table 4. The beam current for the analysis is 30 mA.
The wires are assumed to be in the center of the beam.

It is clear from Table 4 that the temperature of
the tungsten wire is higher than that of the carbon
wire due to its high density and low radiant emis-
sivity. Because of the limited wire temperature of
1800 K [3], carbon wire can be used in MEBT for the
beam condition of a 1 Hz repetition rate and a 50 ps
pulse width rather than tungsten wire. For the higher
beam energy, both carbon and tungsten wires can be
used.

A numerical integration technique is used for
Eq. (1) to determine the time rate of the change of
temperature (d7'/dt). Fig. 5 shows a typical plot of
the temperature rise in a 32 pm carbon wire at a 50 ps
pulse length and a 1 Hz beam repetition rate. It is
obvious that the result of the finite element analysis is
quite consistent with that of the numerical analysis.



1658

Chinese Physics C (HEP & NP)

Vol. 34

Table 4. The peak temperatures of the two wires for the various beam conditions.

32 pum carbon wire

25 pm tungsten

position beam energy/MeV T y peak temp./K wire peak temp./K
(RMS,cm) (RMS,cm) 1Hz, 1Hz, 1Hz, 1Hz,
50 ps 100 ps 50 us 100 ps
MEBT? 3 0.086 0.129 1732 2805 - -
DTL 1 21.76 0.1314 0.096 780 1101 2070 3593
DTL 2 41.65 0.115 0.1367 656 900 1386 2293
DTL 3 61.28 0.1208 0.1418 646 884 1201 1944
DTL 4 80.77 0.1643 0.1355 608 822 996 1563
DTL 5 98.86 0.1623 0.1396 631 857 991 1548
DTL 6 115.8 0.1663 0.1489 638 869.5 958 1484
DTL 7 132.2 0.1507 0.1656 505 660 970 1504
(0: the wire scanner after the first quadrupole magnets in MEBT. —: the temperature is out of the melting point of tungsten)
mentioned above, the carbon wire is selected in
1 Hz, 100 ps, 32 pm carbon wire , MEBT. The tensile strength of the 30 um carbon wire
numerical analysis N .
2050 - - - - finite element analysis that we have purchased is 430 MPa, as shown in Ta-
1750 ble 2, and it could just stand the tension of ten grams.
w1450 So it is so fragile to add pre-tensioning to the wire.
£ 1150 ; r : : Without pre-tensioning, the wire will sag caused by
® 850 \ beam heating during its scanning. We also need to
550 \\‘ consider the effect on the beam profile measurement.
250 1 5 3 A . p ] Figure 7 shows that the vertical profile of the
time/s beam is obtained by the horizontal wire. The effect
Fig. 5. Temperature rise in a 32 pm carbon of deformation of the wire on the vertical profile mea-
wire by numerical analysis and finite element surement is greatest.
analysis. Assuming that the cross-section of the beam is a
2D Gaussian distribution, the vertical beam profile
1893 30mA, 50 pe-1 Hz, MEBT can be deduced as
1493 % 1 g <yﬂ/RLm2+¢RL(%)2)2
) l | 10) = | g e
o 1093 1 L
S 2
693 X 7??_ p dex, (2)
e 0 LL} é ; 112 s where L is the original wire length without deforma-
time/s tion, R is the radius of curvature of the wire after
Fig. 6. The wire scans the whole beam profile deformation and o is the RMS beam size.

via 15 pulse-steps.

The above discussion is based on a stationary
wire, while the wire is used to scan the beam pro-
file via pulse-steps. The maximum temperature of
the wire is simulated by ANSYS, as shown in Fig. 6.

Figure 6 shows that the maximum temperature of
the wire appears in the middle of the beam. The tem-
perature should be strictly limited to below 1800 K.

4 The effect of the wire deformation

According to the thermal results of the two wires

It can be deduced form Eq. (2) that the cen-
ter of the beam profile will have an offset compared

with that of the original beam profile, as shown in
Fig. 7(b). The value of the offset is

L2
— 2_ | =
n e (2.

The above disscussion is based on the fixed defor-
mation of the wire, but Fig. 6 shows that the temper-
ature of the wire is variable during scanning. There-
fore the deformation of the wire is variable. The beam
profile with variable deformation is shown in Fig. 8.
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Fig. 7.
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Fig. 8. The beam profile with variable defor-

mation and original beam profile.

It can be qualitatively deduced from Fig. 8 that
if the wire undergoes deformation, the RMS beam
size with variable deformation will be smaller than
its actual size.

Therefore, the wire does need to have pre-
tensioning to prevent the wire from deforming. The
key issue of how to add the pre-tensioning to the wire
is being solved.

5 Signal levels of the wire scanners

Since H™ beams are accelerated in the linac of
CSNS, there are four sources of the signal generated
in a wire by collision of H™ beams: (1) positive cur-
rent by the proton flowing into a beam, (2) negative
current by the electron flowing into a beam, (3) pos-
itive current by secondary electron emission (SEM)
when protons impact a wire and (4) positive current
by thermal electron emission when the wire is heated.

For 32 um carbon wire, when the beam energy
E=3-115.8 MeV, protons penetrate the wire and elec-
trons stop in the wire and the signals are generated by
only the above mentioned (1), (3) and (4); when the
beam energy E=132.2 MeV, protons and electrons
penetrate the wire and the signals are generated by

original Gaussian beam profile
—— = beam profile with fixed deformation

(b)

beam density

-0.004 -0.002 0 0.004

Y/ecm

0.002

(a) The display of how to measure the beam profile. (b) The vertical beam profile before and after

only the above mentioned (3) and (4). For 25 pum
tungsten wire, when £F=3-132.2 MeV, the signals are
generated by only the above mentioned (1), (3) and
(4).

The thermionic emission from the hot wire is de-
scribed by Richardson Dushman [6]. It can be de-
duced that the thermionic emission current that is
also less than 1% of the SEM current can be ignored
when the wire temperature is below 1800 K.

A well-known theory from Sternglass describes the
secondary emission yield [7]. The relationship be-
tween the secondary emission yields of the two wires
and variable beam energies are shown in Fig. 9.

1.6
=
2
; 12 32 pum carbon wire
'% === 25 pm tungstem wire
E 038
2
<
Z 04
g —
O . A v
3 33 63 93 123
beam energy/MeV
Fig. 9. The secondary emission yields of the

two wires vs. variable beam energies.

Without considering the bias voltage applied to
the wire, as a result, the total estimated signals of
the wires are listed in Table 5.

Table 5 shows that for 32 um carbon wire the
Max. and Min. signals in the center of beam are
about —0.765 mA and —0.228 mA, respectively, in
CSNS Phase- I . The wires are used to probe the
beam from its center to the approximate 3-RMS-
width location, so the beam dynamic range is about
10%. Adding the beam current range from 5 mA
to 30 mA, as a result, the total current range is
—0.038 pA to —0.765 mA. For 25 pm tungsten wire,
the total current range is —0.01 pA to —0.49 mA.
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Table 5. The estimation of signals in the center of the beam, 30 mA Avg. beam current for two wires.

. beam RMS, 32 pm carbon 25 um tungsten RMS, 32 pm carbon 25 pm tungsten
position energy/MeV Min./cm signal/mA wire signal/mA Max./cm signal/mA wire signal/mA
MEBT 3 0.08 —0.7611 —0.20825 0.267 —0.2283 —0.06247
DTL 1 21.76 0.096 —0.7653 —0.49499 0.131 —0.5591 —0.36164
DTL 2 41.65 0.115 —0.6507 —0.45291 0.137 —0.5474 —0.38101
DTL 3 61.28 0.121 —0.6237 —0.44672 0.142 —0.5313 —0.38056
DTL 4 80.77 0.135 —0.5581 —0.40607 0.164 —0.4603 —0.33489
DTL 5 98.86 0.139 —0.5429 —0.3988 0.162 —0.467 —0.34302
DTL 6 115.8 0.149 —0.5097 —0.37686 0.166 —0.4564 —0.33743
DTL 7 132.2 0.151 0.0054 —0.37454 0.166 0.0049 —0.34084

It is clear that the current range is so large that
it imposes strong demands on the electronics system.
To solve this problem, we will use different electronics
for different positions.

6 Conclusion

The mechanical design of the wire scanners for
CSNS is described. Based on the experience of SNS
and LEDA, the clamp that can solve the problem of
wire sagging and electrical isolation is chosen. The re-
sults of the thermal analysis of the carbon and tung-
sten wires indicate that the carbon wire is more suit-
able at low beam energy (~3 MeV) and both wires are
suitable at high beam energy, because the deposited
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