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Abstract
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Electron cooling experiments have been carried out atg

HIMAC in order to develop new technologies in heavy-ion g
therapy and related researches. The cool-stacking metho

in particular, has been studied to increase the intensitys

of heavy-ions. The maximum stack intensity was 2 mA, T [

above which a fast ion losses occurred simulatneousl =

~—~
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*
with the vertical coherent oscillations. The instability de- ~ [ ® ° s \"/'grrt'izcoarl‘ta'
pends on the working point, the stacked ion-density and thq‘ﬁ I X Average
electron-beam density. The instability was suppressed by L
reducing the peak ion-density with RF-knockout heating. 00 05

1
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INTRODUCTION Figure 1. Transverse FWHM beam-sizes during stack-

. . decay. The curve corresponds to Eq. (2).
The electron cooling experiments at HIMAGsyn-

chrotron have been carried out since 2000 in order to de-

velop new technologies in heavy-ion therapy and relateédn- and electron-beam density was high [4]. The insta-
fields. One of the objectives of the HIMAC cooler is to in-bility correlated with the burst of coherent vertical oscilla-
crease the beam intensity of heavier ions such as Fe, for risé&ns, as descibed in Sec. 3. Such instability was observed
estimations under low-dose exposure in space [1]. For tleé CELSIUS, Indiana cooler, SIS and COSY [5]. The insta-
purpose, the cool-stacking method has been studied at thiéity at the HIMAC synchrotron essentially depends on the
HIMAC synchrotron, because the electron-cooling methodorking point and had a maximum increment at a coupling
can provide high-intensity beams by its strong phase-spacesonance), — ), = 1. The instability was related with
compression. The electron cooling experiments were cageo called electron heating [6, 7, 8]. The instability could
ried out with coasting beams of A" ions at injection en- be suppressed by RF-knockout heating, which is also de-

ergy of 6 MeV/u. scribed in Sec. 3.
The HIMAC synchrotron adopts the multi-turn beam in-
jection using the horizontal space. The full emittance of a COOL STACKING

beam after one batch injection is around 2i@m-mrad
in horizontal and 16rmm-mrad in vertical spaces, respec-Transverse Beam Density
tively. The intensity and momentum spread of a beam
are typically (0.3-0.7)x10° particle per pulse (ppp) and
+0.1%, respectively.

The stack intensity of ion beam At'th injection is given

The profile of a coasting ion-beam was measured dur-
ing cooling with R=3.3 andl.=50 mA, which corresponds
to electron-current density of 1.55 mA. lon-beam inten-
sity corresponds to 0:510° ions and was very slowly de-

by 1 KT creased with the lifetime df ~ 6 s. The transverse cool-
Ng = No— exp(—KTo/7) , (1) ingwas saturated at the FWHM sizes of (6 mm,6 mm). The
1 —exp(=To/7) peak ion-density, when Gaussian distribution was assumed,

where Ny is the number of ions in one-batch injectidfy,  corresponds to
the injection-repetition period andthe ion-beam lifetime.

Our experimental results showed that the lifetime was de- —
creased at higher ion-beam intensity’)( depending on 27 020y

electron-beam current{) and its magnetic expansion fac- whereo, ,, are the horizontal and the vertical rms sizes, re-

tor (R). The lifetime reduction was small at higher eleCtro'Epectiver The cooling time corresponds to aroun@2

beam dens_|ty, as descnbe.d in S?C' 2_' N lon-intensity was increased by cool-stacking injection.
The maximum stacked intensity gv_lmo = 0.03 x 10 lon-intensity of up to~1.5x10° ppp was stacked with
andZy = 3.3 s was(0.3 ~ 0.4) x 10” ions [2]. However, 1 _1 g5 5 "The beam profiles were measured during the
the intensity higher than that was restricted by 'On'bea@tack-decay after stopping ion-beam injection. The FWHM
instability [3]. The ion-beam instability occurred when thebeam size was proportional to the square root of beam in-

1Heavy lon Medical Accelerator in Chiba tensity throughout the stack-decay, and was in good agree-

1 N
=0.16 x 10” ions/cm? 2)
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Figure 2: Lifetime vs ion intensity for various expansionFigure 3: Lifetime vs ion intensity for various electron cur-
factors ). Electron currentf.) is 100 mA. rents (.). Magnetic expansion factoR] is 3.3.
ment with Eq.(2) as shown in Fig. 1. The density limit was
constant aR.8 < R < 3.3 within the mesurement accu- = 3r
racy. o |
c»o' r
- - - O B
Lifetime Reduction < 2
>

t

The intensity-dependent lifetime of ion-beam was mea-g
sured by analyzing the beam-intensity waveform during G
stack-decay. Figure 2 shows the ion-beam lifetime atc 1
1.=100 mA and7;=3.3 s, as a function of ion-intensity .

The lifetime was 8 s at a low-intensity ef 5x 107 ppp, and
was decreased th~ 5 s at a high intensity of- 10° ppp. P B IR I SR

Fig. 2 shows that the lifetime became higher when 0.5 0 0.5 1 1.5 2
is low. The lifetime was also measured with differdpt _ ) ) Tlme(se(_:)
as shown in Fig. 3. Here, the COD was fairly corrected Figure 4: Stack intensity of 2:510” ppp was obtained.
and the injection repetition7) was reduced from 3.3 s
to 1.65 s, so that the ion-intensity became higher compar-
ing with Fig. 2. Both of Figs. 2 and 3 shows that the ion-

beam lifetime was high when electron dencity (./R) The frequency of the oscillations agrees with the vertical
was high. betatron-sideband frequency.

. . The instability essentially depends on working point.
Maximum Stacked Intensity The working points were surveyed along a line between

The stacked ion-beam intensity was increased by op]ﬁ369,289) and (372,313) It was found that the beam was
mizing .., R, Ty [9], No, and the bump-orbit matching. As unstable near to the coupling resonan€gs:+ @, = 7 and
a result, the maximum stacked intensity of 210° ppp @=—Qy = 1. Further, beam-profile measurements showed
was obtained witty=1.0 s,/,.=130 mA,R=1.7, as Fig. 4. thatthe direction of the amplitude growth caused by the in-
Here, a transverse RF of 8 VV was applied at 225 kHz in ostability was slightly inclined in the transverse plane [4].

der to suppress ion-beam instability, which is described iihe bandwidth of the instability was wider at the differ-
the next section. ence resonance than the sum resonance. These results are

consistent with the simulation including the coherent in-
INSTABILITY ']Eieerlz;\j(;tl[ir; between electron- and ion-beam via space-charge

Transverse Instability Though the instability occurred at high ion-density, it

lon instability occurred when the densities of ions ands possible to to suppress the instability by decreasing the
electrons were high [3]. Figure 5 shows the typical wavepeak ion-density. The RF-knockout(RF-KO) was applied
form of ion intensity and vertical coherent oscillation,near the frequency corresponding to the vertical betatron-
when the instability occurred. Heré,=150 mA, R=3.3, sideband frequency in order to decrease the peak density
and working point was (3.69,2.89). The ion beam was suaf the ion-beam. With the RF-KO, the coherent oscillation
denly lost during instability at around 5.5 s, which waswvas suppressed and the stacked ion-intensity was improved
correlated with the bursts of vertical coherent oscillationsas shown in Fig. 6
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Figure 5: Waveform of ion intensity and vertical differen-Figure 6: Transverse instability (upper) was suppressed by
pickup signal when instability was developed. RF-KO heating (lower).
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SUMMARY

Electron-cool stacking experiments have been done at
HIMAC synchrotron. There was a limit of transverse cool-
at ion peak-density of 0.2610° ions/cn?. By analyz-
the stack-decay, it was found that the ion-beam lifetime
reduced at ion intensity higher than0.5x10° ppp.
lifetime reduction became smaller when the density of
electron beam was higher. There was a certain thresh-
of ion-density, above which a coherent instability oc-
curred. The instability was suppressed by reducing the

245



