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Wrinkle analysis and mounting optimization of the primary
stripper foil for CSNS
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Abstract:

The primary stripper foil’s lifetime is very important for high intensity proton accelerators. Besides high

temperature, the wrinkle of the stripper foil is also harmful for the lifetime and the injection efficiency. However, the

recent wrinkle simulation is still not perfect. In this paper, a new method for wrinkle analysis has been proposed

for the first time, which is integrated with the buckling theory. Based on this method, the wrinkle vibration and

the maximum wrinkle shape of the normally mounted foil have been simulated. Then, two mounting schemes for

reducing the wrinkle have been contrasted. Finally, the foil mounting structure for CSNS has been designed.
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1 Introduction

In China Spallation Neutron Source (CSNS), the in-
jection process of rapid cycling synchrotron (RCS) will
be done by stripping the H~ beam provided by the linac.
A carbon primary stripper foil of 100 pug/cm? will be used
to fully strip the two electrons and convert the injection
ions into protons. The 80 MeV injection beam from the
linac has a pulse length of 0.2-0.4 ms with the repetition
rate of 25 Hz and the average particle number over a sin-
gle pulse is 1.56x10*3. The energy deposition will heat
the foil and quickly destroy it. It is desirable to have the
foil’s lifetime as long as possible, so the calculations and
the optimizations for the stripper foil are very important.

In general, the maximum temperature is the only fac-
tor which could be calculated for predicting the foil’s life-
time [1-3]. However, many experiments show that the
wrinkle is also harmful for the foil’s lifetime and the in-
jection efficiency: (1) the wrinkle vibration will produce
a positioning error between the foil and the beam. (2) If
the inner stress grows over the yield strength, the wrin-
kle deformation cannot perfectly recover again. While
this plastic wrinkle is accumulated to an unacceptable
value, the beam loss is increased. (3) The large wrinkle
displacement will easily tear the foil [4].

Although the wrinkle is very important, the recent
simulation for the foil’s wrinkle is still not perfect. In
this paper, a new method of analysis of the foil’s wrin-
kle has been proposed for the first time. This method
is integrated with the buckling theory which is used to
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calculate the wrinkle of thin membrane [5]. It defines
the wrinkle displacement which is caused by the insta-
bility and the beam hitting. First, the energy deposition
and the temperature rising for CSNS will be calculated.
In order to test the dependability of the new analysis
method, the wrinkle analysis for the foil of SNS will be
done to compare with the actual situation. Then, the
wrinkle vibration and the maximum wrinkle shape of the
normally mounted foil for CSNS will be simulated. Fi-
nally, the mounting scheme optimization for CSNS will
be done in order to reduce the wrinkle.

2 Thermal analysis

2.1 Energy deposition

The energy loss for one particle passing through the
foil can be expressed by the following formula:

ABE(J)=eT|dE/dz], 1)

where T is the foil’s thickness; |dE/dz| is the stopping
power between particle and carbon and e is the charge
of an electron. The H™ ion injection can be estimated as
1 proton and 2 electrons traversing the foil.

The injection painting process for CSNS is shown in
Fig. 1 [6]. In order to simplify the calculation, the anal-
ysis assumes that the cycling beam will keep its distri-
bution and only have a horizontal movement during the
injection process.
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Fig. 1. The injection painting process of CSNS [6].

Fitting the beam distribution with Gaussian func-
tion, the power density distribution is expressed as:
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where Fy_ is the energy deposition for one H™ particle;
Ey, is the energy deposition for one cycling proton; t;,
is the pulse length; N is the particle number per pulse;
n is the average cycling protons traversing times, 3-5
and x,(t) is the movements of the cycling beam center
during the injection process.

Because the extremely thin foil is set in the vacuum
environment, the only means of heat dissipation is ther-
mal radiation. According to the study of Dr. Liaw et al.
[2], the thermal radiation heat flux can be simplified as
follows:

Graa (W /mm*) =e0 (T7 ~T7), (3)

where ¢ is the emissivity of carbon; o is the Stefan-
Boltzmann constant; T; is the temperature on foil and
T, is the ambient temperature.

In addition, the wrinkle analysis cannot ignore the
pulse pressure caused by the beam hitting. While a
bunch of beam passes through a foil, only a little propor-
tion of the energy deposition converts into the pressure
which increases the potential energy (wrinkle) of the foil.
According to the momentum theorem and the conserva-
tion of energy, the average interaction force between the
foil and the injection beam can be expressed as:

F(N) = Ap/tin=((AEmn+moc®)>—m2c*)'/? /(ctin)

~ (QAEknmo)l/z/tin, (4)

where Ap is the equivalent momentum conversion; AFEy
is the total kinetic energy loss; 1 is the conversion rate;
myg is the rest mass of the particle and ¢ is the light
velocity.

Therefore, the pressure distribution of the beam hit-
ting can be expressed as:
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where Apy_ is the equivalent momentum conversion for
the injection particles and Apy, is the equivalent mo-
mentum conversion for the cycling protons.

2.2 Temperature analysis

According to the characteristics of the energy depo-
sition, the transient temperature analysis is performed
to check the working condition of the primary stripper
foil for CSNS. The previous analysis proves that the pulse
length of 0.2 ms will produce the maximum temperature.
The analysis result shows that the maximum tempera-
ture for CSNS is 1334 K. The temperature vibration is
shown in Fig. 2 and the temperature distribution of each
injection pulse after the dynamic balance is shown in
Fig. 3.
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Fig. 2. The temperature vibration on foil.

As this temperature is much lower than SNS (2243 K)
[2] and J-PARC (1800 K) [3], the primary stripper foil
of CSNS will have longer lifetime and higher stability.
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Fig. 3.
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written as follows:

([E]+A: [S]) {4} =0, (6)

where [K] is the stiffness matrix of the structure; \; is
the characteristic value corresponding to the order of i;
[S] is the stress matrix in the structure and {t),} is the
modal corresponding to the order of .

In general, the stripper foil is very thin so even a
tiny disturbance or an inner defect will cause the wrin-
kle. This case is quite similar to the wrinkle of thin
membrane, and many calculations and experiments have
been done to prove that the buckling theory is appropri-
ate to this kind of wrinkle analysis [5].

Different from the other cases, the inner stress of the
stripper foil is produced by the temperature distribution
and the pressure of the beam hitting. It means that the
wrinkle is caused by the instability and the beam pres-
sure. The analysis flow chart is shown in Fig. 4.

The temperature distribution of each injec-

tion pulse.

temperature load

beam pressure
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3 Wrinkle analysis

3.1 Buckling theory

Buckling theory is used for estimating the instabil-
ity of mechanical structure. Its balance equation can be

v
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Fig. 4. The foil wrinkle analysis flow chart.
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The loads of wrinkle analysis for SNS. (L: The beam conditions of SNS; R: The foil’s temperature distribution
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In order to test the dependability of this method,
the foil wrinkle analysis for SNS has been done. The
beam conditions and the temperature analysis result are
shown in Fig. 5. The wrinkle simulation result is shown
in Fig.6 and compared with the actual situation. The
result shows that the displacement shape of the simula-
tion corresponds to the reality qualitatively. The beam
hitting corner is curved along the beam direction and the
other unfixed corner is curved conversely.

The curved angle

Fig. 6. The comparison of wrinkle shape between
the simulation and the reality of SNS.

3.2 Analysis for the normally mounted foil

For CSNS, the two edges which always keep am-
bient temperature will be fixed in order to provide
stronger support. In order to check the wrinkle situa-
tion, the analysis of 200 injection periods for the nor-
mally mounted foil has been done.

The wrinkle vibration is shown in Fig. 7. Because of
the elasticity of the foil, the wrinkle displacement will
shift like a spring. The displacement will grow over the
force equilibrium position and finally get to its maxi-
mum value and then the displacement will recover to its
minimum value by the resilience force. Because of the
non-linear effect of buckling phenomenon, this kind of
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Fig. 7. The wrinkle vibration of the foil.

displacement shaft doesn’t periodically vary with the fre-
quency of 25 Hz and the amplitude is not a constant.
Therefore, the wrinkle vibration has several non-periodic
peaks.

The maximum wrinkle shape of the foil is shown in
Fig. 8. The maximum displacement is 12.67 mm, appear-
ing at the unfixed corner. The result also shows that the
pressure of the beam hitting is the main factor which
causes the wrinkle vibration and the positioning error.
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Fig. 8. The maximum wrinkle shape of the foil.

CSNS will use a new type of HBC carbon foil, which
is strong enough to afford the displacement of centimeter
level, as Fig. 9 shows [7].

In the theorem of material, the high temperature will
decrease the yield strength. Once the inner stress grows
over the yield strength, the wrinkle deformation won’t
perfectly recover again. After a period of operation, this
unrecoverable wrinkle will be accumulated to an unac-
ceptable value that increases the injection beam loss.

However, because of the lack of data of the foil’s yield
strength and the limitation of the finite element anal-
ysis, it is very hard to simulate the severe plastic de-
formation of the foil. But according to the theorem of
material mechanics, the smaller the maximum vibration
displacement is, the slower the unrecoverable wrinkle will
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be accumulated. As a result, the mounting scheme opti-
mization is still necessary which is used for reducing the
maximum wrinkle vibration displacement.

Fig. 9.

The new type of HBC foils [7].

4 Mounting scheme optimization

For the case of the wrinkle due to high temperature
and pressure, the injection efficiency and the lifetime will
become worse. Thus, the scientists make many efforts to
optimize the mounting scheme in order to reduce the
wrinkle [8, 9]. The engineers of SNS cut an angle of the
foil and effectively reduce the wrinkle. A C-type frame
is utilized in J-PARC for installing many carbon fibers
in order to give additional support [4]. For CSNS, both
of these methods will be taken into account.

As to minimizing the influences with the kinetic en-
ergy loss and the scattering, the acceptable design for
cutting angle and installing carbon fibers is shown in
Fig. 10.
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Fig. 10. The mounting optimization design for CSNS.

According to the new method of wrinkle analysis, the
mounting scheme optimization can be done not only by

experiment but also by simulation. The influences over
the energy deposition caused by cutting angle and car-
bon fibers should not be ignored. The comparison with
the effects of two mounting schemes is shown in Fig. 11.
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Fig. 11. The comparison between the effects of two
mounting schemes.
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Fig. 12.
carbon fibers scheme.

The maximum wrinkle shape of installing

For CSNS, it seems that the design of installing 2
pairs of carbon fibers is more effective. The maximum
wrinkle shape for installing carbon fibers is shown in
Fig. 12. The maximum displacement will be decreased
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to 0.6 mm and the thermal stress will also be decreased
to 42.6 MPa. The wrinkle distribution will be limited in
the two pairs of fibers and the maximum displacement
appears at the injection beam center. According to the
theorem of material mechanics, a bulge on the thin foil
will bring a series of visible wrinkle traces fluctuating
along the fixed fibers direction. But these wrinkle traces
are too small, so it won’t make the injection efficiency
and the lifetime worse.

HBC carbon foil

titanium frame

2 pairs of

carbon fibers

/

Fig. 13. The preliminary design of mounting
scheme for CSNS.

As a result, the scheme of installing carbon fibers
will be utilized for CSNS. In order to install the carbon
fibers, a C-type titanium frame is designed. The T700
carbon fiber is chosen for its strong mechanical strength
(>5 GPa). The diameter of a single fiber is 7 um. The
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in Fig. 13.

5 Conclusion

The lifetime of the primary stripper foil is crucial to
CSNS. In this paper, two important factors which are
related to the foil’s lifetime have been analyzed respec-
tively.

According to the beam characteristics, the energy de-
position has been calculated. The thermal analysis shows
that the maximum temperature of the stripper foil is
1334 K. This means that the primary stripper foil of
CSNS will have longer lifetime and higher stability.

A new method for wrinkle analysis has been proposed
for the first time based on the buckling theory. To mea-
sure its dependability, the foil wrinkle analysis for SNS
has been done and compared with the actual situation.

Because of the lack of data and the limitation of fi-
nite element analysis, the unrecoverable plastic wrinkle
after a long operation period cannot be perfectly simu-
lated. However, based on this new method, the simula-
tion of the normally mounted foil for 200 injection peri-
ods has been done. The result shows the maximum dis-
placement is 12.67 mm, and won’t periodically vary with
the frequency of 25 Hz. In order to reduce the wrinkle
displacement, the effects of two mounting schemes have
been contrasted, which shows that the installing carbon
fibers scheme is more effective. It will reduce the maxi-
mum displacement to 0.6 mm. Finally, the design of foil
mounting structure for CSNS has been brought out.

Recently, the foil exchanger and the foil frame have
been manufactured. In the future operations and ex-
periments, this wrinkle analysis method and mounting
scheme would have a further improvement.
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