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Abstract 
Graphite thin films were prepared through a simple two-

step carbonization-graphitization process from polyimide 
films and were applied as rotating charge stripping disks 
for high intensity ion beam irradiation. These films demon-
strated high mechanical robustness within the range of 300 
– 1000 rpm under vacuum conditions and worked remark-
ably well as charge stripping foils. Changing the thickness 
of graphite thin films also enabled precise control of the 
ion beam charge states. Further demonstrating its excep-
tional durability, a total of 3.31 × 1018 calcium ion particles 
was stripped of their charge with the intensity of 10 eA. 
The graphite thin film disks exhibit great potential for next 
generation stripping foils by significantly extending strip-
ping foil lifetimes under the highest intensity ion beam ir-
radiation. 

INTRODUCTION 
Charge stripping foils are used at accelerators to change 

the charge state of ion beams to appropriate values for ac-
celeration. Due to its low density and excellent thermal and 
mechanical properties, carbon has been widely used for 
this purpose. Common carbon foils are amorphous carbon 
foils [1], Diamond-like carbon foils [2], CNT-carbon foil 
[3], and graphene foils [4]. Recent upgrades of accelerators, 
however, have led to higher ion beam intensities, which in 
turn have increased the demand for carbon charge stripping 
foils with extended lifetimes [3, 5-7]. To meet the require-
ment of long life charge stripping foils, the foils should 
have high thermal conductivity to avoid evaporation or 
damage from local beam heating. Other important charac-
teristics include thermal stability, large thermal loading 
area, and mechanical robustness. 

Kaneka has been a supplier of graphite sheets, in which 
the sheets are prepared from polyimide films annealed at 
temperatures of around 2900 ºC [8]. The sheets exhibit ap-
proximately 4 times higher thermal conductivity relative to 
that of copper. Other key features include their high ther-
mal stability of up to 2000 ºC under vacuum, and high ten-
sile strength of about 40 MPa. All of these features provide 
strong support for these sheets as candidates for highly du-
rable charge stripping foils. 

RIKEN Nishina Center has been testing these graphite 
sheets as charge stripping foils since the autumn of 2014 
[9]. Graphite rotating disks were previously prepared for 
uranium ion charge stripping using two sheets of 35 m 
thickness.  

As shown in Table 1, the rotating graphite disks withstood 
heavy ion radiation damage, which compared favorably to 
stationary amorphous carbon foils or glassy carbon disks. 
The graphite disks also showed higher ion beam current 
and charge stripping efficiency relative to the often-used 
Beryllium disk. Furthermore, the lifetime of this graphite 
disk was two times longer than that of Beryllium. 

Table 1: History of Last Charge Stripping Foils in RIKEN 
Nishina Center 

Charge 
Stripping 
Foils 

Maximum 
Beam Intensity 

(eµA) 

Life Time 
(Charge) 

Arizona 
Carbon Foil 

2-3 7.12 × 1015 
(71+) 

Beryllium 
Disk 

12 1 × 1018 
(64+) 

Glassy  
Carbon 

12 Not measured 

Graphite 
Sheet 

15 2.19 × 1018 
（64+） 

 
Recent efforts at Kaneka have led to new techniques that 

enabled the preparation of graphite thin films (GTF) with 
less than 10 m thickness. Precise thickness control was 
found to be attainable through careful control of the start-
ing polyimide film thickness. The thickness of an appropri-
ate charge stripping foil strongly depends on the type of ion 
and ion beam energy. For example, approximately 1.5 m 
(0.30 mg·cm-2) thickness is required for changing U35＋ ion 
to U71+. The aforementioned capability of precise and facile 
thickness control in GTF is therefore highly advantageous. 
Two aspects that required testing on GTFs prior to their ap-
plication as charge stripping foils were their mechanical ro-
bustness, under high rotation speed, and lifetime. In this 
paper, we describe the rotating and charge stripping test of 
the GTFs, as well as measurements on their lifetime under 
high intensity ion beams irradiation. 

RESULTS AND DISCUSSIONS 

Preparation and Characterization of Graphite 
Thin Films [10] 

The thin polyimide films with thickness in the range of 
2 – 25 m, as shown in Fig. 1 (a), were subjected to car-
bonization at temperatures of up to 1400 ºC. 
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Figure 1: Preparation of graphite thin films (a) Kaneka polyimide film (b) Carbonized film (c) Graphite thin films (GTFs). 

 
Figure 2: (a) Raman Spectra (b) Cross sectional SEM image and (c) TEM image of GTFs. 

 
The resulting carbonized films shown in Fig. 1 (b) were 

then subjected to graphitization at 2900 ºC to obtain GTFs 
with approximately 1 – 9.8 m (0.23 – 2.2 mg·cm-2) thick-
ness (shown in Fig. 1 (c)). The thickness and area of GTFs 
was controllable by carefully selecting polyimide films 
with the appropriate thickness and area, respectively. 

The Raman spectra of GTF with thickness of 2.1 m as 
shown in Fig. 2 (a) exhibited a symmetric peak at around 
1585 cm-1 and an asymmetric sharp peak at around 2717 
cm-1. These features indicate that the GTF was composed 
of highly oriented graphite. The cross-sectional SEM im-
age in Fig. 2 (b) and TEM image in Fig. 2 (c) both show 
highly oriented multilayer graphene layers in the depth 
profile. 

Rotation Test of Graphite Thin Film 
A donut shaped GTF (0.23 mg·cm-2) with an outer diam-

eter of 55mm in Fig. 3(a) was used to perform a rotating 
test using the RIBF accelerator at RIKEN Nishina Center. 
The thickness uniformity of charge stripping foils influ-
ences the fluctuation of beam intensity. Notably, thinner 
disks are preferentially rotated at higher speeds for pre-
venting undesired fluctuation during charge stripping. The 
rotation speed of the disk was therefore set at 300 rpm at 
the beginning and was increased up to 1000 rpm to mimic  
 

 
Figure 3: Optical images of the GTF disk (a) before and (b) 
after rotation test. 

real conditions. The result of the test is shown in Fig. 3 (b), 
where the disk after testing exhibits no damage nor defor-
mation. 

Charge Stripping Test with High Intensity Ura-
nium Ion Beam [11] 

Charge stripping tests were performed for GTF disks 
(0.45 – 2.2 mg·cm-2) and Kaneka graphite sheet disks (14 
mg·cm-2). The rotation speed of disks was set at 300 rpm 
and was increased up to 1000 rpm. The incident beam used 
was U64+ with 10 eμA at a beam energy of 50 MeV/u and a 
beam diameter of about 4 – 5 mm; the beam intensity cor-
responds to a thermal load of 4.4 – 164 W. The charge dis-
tribution after the GTF disks was measured and shown in 
Fig. 4. 

The mean charge states of the GTF disks with thickness 
of 0.45 (Red), 0.91 (Green), 2.2 (Blue) and 14 (Black) 
mg·cm-2 were 74+, 78+, 82+, and 87+ respectively. The 
thicker charge stripping foils provided a higher fraction and 
narrower charge states of uranium ion. Beam intensity fluc-
tuation was not observed in the downstream in all GTF 
disks. 

Life Time Measurement at Calcium Ion Beam 
[11] 

Disk lifetime is a key characterization parameter for 
stripping foils. A donut shaped GTF disk with an outer di-
ameter of 110mm and a thickness of 2.2 mg·cm-2 was sub-
jected to calcium ion beam. The disk was rotated at 300 
rpm and the Ca16+ ion was stripped into Ca20+ at an incident 
energy of 45 MeV/nucleon. A total of 3.31 × 1018 calcium 
particles with an intensity of 10 eμA were irradiated on the 
GTF disk and the thermal load of the disk was 6.4 W. Fig.5 
(b) shows the disk after irradiation. Slight footprints of the 
ion beam were observed near the outer edge, in addition to 
small deformations within the disk. Although a minor beam 
swing was observed, these deformations, nevertheless, did 
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not affect the beam intensity at the downstream. Collec-
tively, these results indicated that GTF disks possess a long 
lifetime and the ability to strip the charges away from high 
intensity ion beams. Furthermore, the disk showed enough 
mechanical robustness under high speed rotation while be-
ing exposed to high intensity ion beam irradiation. 

 
Figure 4: Charge distribution of 238U64+ ion beam using 
GTF disks. 
 

 
Figure 5: GTF disks (a) before and (b) after calcium ion 
beam irradiation. 

CONCLUSION 
Graphite thin films were prepared though a simple two-

step carbonization- graphitization process from polyimide 
films. Prepared GTFs were processed into rotating charge 
stripping disks and showed enough robustness against both 
high speed rotation and high intensity ion beam irradiation. 
Furthermore, GTF disks exhibited long lifetime. These re-
sults indicated that this GTF disks have great potential for 
charge stripping foils under highest intensity ion beam ir-
radiation. 
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