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An electron cooler-ring TARNII has been used for 
the studies of accelerator technologies such as electron 
cooling, beam acceleration and slow extraction. These 
studies have been performed on light ions. In order to 
extend the studies of the electron cooling and related 
applications to heavier ions, sane improvenents of the 
machine have been performed. These include the improve- 
ment of vacuum and the developments of beam diagnostic 
elements, ion sources for the injector cyclotron and 
detectors to measure charge-changed ions for the heavy- 
ion experiments. The status of the machine and a summary 
of the experiments so far achieved are described. 

Introduction 

Since the first success of the electron cooling at 
TARNU, the electron cooling experiments have been per- 
formed on light ions such as proton, deuteron and alpha 
particles. In these experiments, fundamental data for 
the cooling technique have been measured. The cooling 
experiments include the neasureaents on beam lifetime, 
cooling time, drag force and momentum resolution. The 
plasma uaves propagating in the cold high-density beam 
caused by the collective motion of ions have been ob- 
served. Furthermore, the beam stacking experiment has 
successfully been made utilizing the strong phase-space 
compression due to the cooling. The cooling electrons 
are also a high-quality electron target. From this view- 
point, the electron capture processes were studied on 
proton, Ha* and He’. Especially, dielectronic recom- 
bination of He’ has been studied for the first time. 

In order to extend the studies of the electron 
cooling and related applications to heavier ions. 
scverac improvements of-the machine have been execute; 
in 1991. After the completion of the upgrading works on 
the machine, heavy-ion beams both for partially and 

fully stripped ions have successfully been cooled. In 
the following, the status on the TARNII with emphasis on 
electron cooling is described after a brief summary of 
the cooling experinents on light ions. 

The details of the electron cooling device and the 
electron cooling experiments so far performed at INS 
have been described in ref. Cl]. Fig. 1 shows the layout 
of the electron cooling device. Electrons are extracted 
from a heated cathode with a diameter of 5 cm and ac- 
celerated to full energy. Electrons are then bent by 45' 
and merge with ion beams. The length of the cooling sec- 
tion is 1.5 m which is only 1.9 % of the whole circum- 
ference of the TARNll. The cooling device is located at 
one of the six long straight sections of the TARNJI 
which has 78-m circumference. The ion beams are injected 
fron a sector focusing cyclotron and stored in the ring. 

Here we introduce some of the cooling experiments on 
the 20 MeV Proton beam: 

The intensity of the bear multiturn injected from the 
injector cyclotron is low, which is in the order of 10’ 
particles; In order to inject more particles, the 
electron cooling was applied to the successively in- 
jected and coasting bean: the strong phase space com- 
pression due to the cooling allows the stacking of 
repeated multiturn injected beam. Experisents uere per- 
formed by injecting the beam every 4 s and measuring the 
beam intensity. About half of the acceptance phase space 
for the usual multiturn injection was saved for the 
compressed and stacked beam by weakening the bump mag- 
netic fields for the injection system. The beam inten- 
sity increases and saturates with the increase in number 
of wltiturn batches. An intensity multiplication factor 

4 i 
6 I 

lm 

Pig.1 Layout of the electron cooling device. 1:Elsctron gun, ZZAcceleration 
tube, 3:Solenoid, 4:NEG pumps, 5:Toroid, 6:Beam position monitor, 7:Deceleration 
tube, D:Collector, 9:Ion pump, 10:Correction coil and 1l:Steering magnet. 
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of 20 was reacl>ed after 30 injections in a time of 2 
sin., resulting in the total number of stored particles 
of the order of 10”. 

The change of momentua resolution with cooling was 
observed by measuring the frequency spread of the higher 
hamonics of Schottky signals for a coasting bean. The 
frequency width Af of the spectrum observed by a 
spectrun analyzer is related to the width of the mosen- 
tun distribution Ap by 

A f/f=7 AP,‘P (1) 
The momentum ;&solution A p/p decreased from the order 
of lo-” to the order of lo-” within a tine of a few 
seconds. When scanned with a high resolution of the 
spectrum analyjier, the frequency spectra of the cold 
bean Schottky signals show splittings. The splitting be- 
coaes remarkable with the increase in number of cir- 
culating particles. It is originated from two plasma 
waves propagating parallel and antiparallel to the beal 
direction with ;a characteristic frequency f, which is 
half the distance betueen two peaks. Such a collective 
phenomenon begins when the longitudinal temperature of 
the beam becorm comparable to the interparticle Coulomb 
energy. 

Neutral hydrogen atoms produced during cooling 
provide lots of important information about the electron 
and ion beams. They leave the ring in the extension of 
the cooling straight section and are detected outside 
the dipole aaxnet just at the exit of the thin window. 
The horizontal and vertical distributions of neutral 
atom measured at 4.5 R downstream of the cooling sec- 
tion were 6.1 mm horizontally and 8.4 mm vertically. 
From these valuses and the known beta functions at the 
cooling section, we can estimate the eaittance of the 
circulating beam. It was about 1 to 2 ammnrad. 

For the bunched beaw, the decrease in momentum 
spread through longitudinal cooling results in the 
reduction of the bunch length due to synchrotron oscil- 
lation. The blunch length L is related to aoaentum 
resolution Ap/p and and rf voltage V,, as follows, 

L=k(Ap/plVrf-L’2 (2) 
where k is a constant. The bunch length was measured 
from the distribution of the arrival times of hydrogen 
atom. The measured time width of 53 ns (PYHR) cor- 
responds to a bunch length of 3.3 B which is nuch 
shorter than thse one before cooling by a factor of about 
10. 
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MUon of the electron COOliu to atQlis&Qu 

Electron capture processes by the circulating ions were 
studied using the electron cooling device: dielectronic 
recombination (DRl via 1s +2p excitation has been 
measured for 13-HeV ‘He’ ion. DR occurs in an electron- 
ion collision when an electron in the projectile ion is 
excited and at the same time a free electron is captured 
to fora a doubly excited state in the ion, followed by 
subsequent radiative stabilization. The formation of the 
doubly excited intermediate states is resonant for the 
relative velocities between ions and electrons. DR is 
the principal mechanism in free electron recombination 
with ions in thin, hixh temperature plasma. It has been 
theoretically shoin that in ‘the solar’ corona the DR rate 
for (e+He') can dominate the radiative recombination 
rate by an order of ragnitude or more. DR is, thus, .im- 
portant also in applications such as nuclear fusion 
process and astrophysics as well as in fundamental 
atomic physics. The most fundamcn!.al ion for which DR is 
possible is He’. For this process, no experinental data 
has yet been obtained which permit any meaningful COB‘ 
parison between theory and experiment. Rate of 
neutral =He atoms forned in the electron cooler is shown 
in Fig. 2 as a function of the electron acceleration 
voltage. The DR maxiaa were observed for electron 
velocities both slower and faster than the ion beaa 
velocity alaost symmetrically with respect to a saall 
bunp due to radiative recombination (RR) located at zero 
detuning energy (Em,,,= 01. Details of the experiments and 
the analysis are described in ref. [ZJ. 

nachlnedevelo~leet; .toy2rds heavy-ion cooling 
& applicata3 

High vacuum is essential for the long time storage of 
heavy ions, especially partially stripped ions because 
the stripping cross sections are nuch larger than the 
capture cross sections for most of the related ions. The 
cooling time is generally in the order of a few seconds. 
So the lifetime should be longer than this tire, at 
least a few 10 seconds. This requires the high vacuum in 
the order of lo-” Torr. The vacuum pressure of the 
ring had been in the order of lo-lo Torr which was not 
enough for the heavy-ion cooling. In order to achieve 
high vacuum, coeponents with high outgas rate like beam 
extraction system were temporarily removed. Purthernore 
vacuum pulps have newly been added around the ring and 
the injection line. They are 7 ion pumps and 21 Ti sub- 
limation pumps. Total numbers of the pulps along the 
circumference with the length of 78 I are 17 for ion- 
pumps and 26 for Ti sublimation pumps. After the bakeout 
of the beam pipes at around 150 ‘C, present vacuum is 8X 
lo-” Torr without beas and 1.3X10-“’ Torr with ion 
and electron beams. In order to obtain better vacuum, we 
plan to raise the baking temperature. 

The intensity of heavy-ions circulating in the ring 
should be more than the order of 1crA for the reliable 
beam handling and also for the experiments of electron 
cooling and atomic physics. Some inprovelents of the 
machine to increase the beam intensity-have been planned 
and executed: 11 Six vertical steering magnets were in- 
stalled in the ring for the correction of vertical COD 
caused by the misalignment of the dipoles and the quad- 
rupoles. The maximuM alignment errors are presently 3 mm 
and 1.5 mad. With the beam test, an increase of beam 
intensity of about a factor of two was observed by ex- 
citing the vertical steerers. 21 Some bean pipes in the 
injection line have been replaced by larger ones, as the 
beas size in the injection line had locally been limited 
by the small inner diameter of the beam pipes. 31 An 
indirectly-heated cathode PIG source has newly been 
developed at the injector cyclotron, which is expected 
to have a longer lifetime in comparison with the exist- 
ing source with cold cathode, resulting in the stable 
and high intensity pulsed heavy-ion beams. A trial to 
increase the beam intensity from the existing ECR source 
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Fig.2 Yield of neutral =He atom formed in the electron 
cooler as a function of the electron acceleration volt- 
age. The c.m. energy scale is also shown. The maxiDa on 
the both sides correspond to OR, while the hump on the 
center is due to RR (see text). 



832 

l,a~ also been plan!~ed hy installing. ali clrcl.ron gnn nadr 
I!V i,,an,x <in \hn axis 01 1 IlP KC11 sourcr. 

'111~ ill ignncnl. hrl.w(-(~II el cc!.ron alld ion bo,lfil axes 
is vrr‘y imynr'Lan1 for I.he efficienl. electron coolinK. 
11111. the trigll ~~c~.~fr;sr~j ;)I iRnmcnl was not easy due lo lhc 
insi,fficient sensitivity of Ihe monitoring system. 
Xrcent ly non-dcstruct.ivc hoam prof i le monitor uas 
dpvclopcd and it was found Lhat the beam profile is very 
scnsit.ivc Lo the al ignmellt. accuracy.’ Fig. 3 is a 
photograph of Ihe residual gas ionization beam profile 
nonilor which consists of ion acceLcrai.ion clecl.rodes, 
nicroclianncl p1at.e with an area of 5X5 cm2 and a resis- 
t,itc anode. 11. has been installed in one of the sin long 
straight seckons. An example of beam profiles of 85.Me’i 
N” durins cooling is shoun in Pig. 4. 

For t he atomic physics experimenrs using the 
electron cool ing system, some devices have newly been 
installed: 1) In order to define the beam size, a beam 
scraper has been installed. 2) A Faraday cup was set 
downstream of the cooling section, which helps Lhe nor- 
malization of Llre injected beam intensity. 3) In addi- 
tier. t.c, t.hp S?xisling neutral beam monitor, a detector 
system which can detect, charge-changed heavy-ions has 
hecn il1st.a.l lqld in t!lc beam pipe jusl after the dipole 
nagnet. downstream the cooling sect.ion as shown in Fig. 
5. This systeln gives information on the electron 

Fig.3 Photograph of the residual gas ionization 
hrnm profile lnoni tor. 

Fis.4 Beam profile of 85-HeV N”* ions during 
cooling (beLween I s and 4 s aft.cr injection) 
with the non-destructive profile monitor 
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Fig.5 Schematics of the storage ring, the electron 
cooler and the dct.ection syst.em of charge-changed par- 
ticles. 

capturing and strippinK processes caused by Lhe ioo- 
I’ ectron interactions. 

K~e<.~ro~~~cool inK of ni Lro.~en beams 

After the complclion of the jmprovenenL works on the 
ing,, the electron cooling experiment,s on fully and pnr- 
ially stripped nitrogen beams have been performed. The 
ifetimes of NT' and ND' beams have been measured both 

wil.h and rit.hout elcclron cooling. RcsulLs a1.c shown in 
l'able 1 toget,her ui1.h the expect.ed lifetimes assuming 
the acceptance angle of the rinK of 1 mrad and t.he 
residual gas conlent. of 50 % hydrogen and 50 % nitroprn. 
As can bP seen in the tahlr, the lifetime of N" beam is 
Ii mi trd by lhc rlccl ran capI.urc prcccss iltlc t.o the 
residual gas although the lifetime increases by a factor 
or 4 with cooling. On lhc other hand, thr lifetime of 
N"' beam is scvcrcly limited by t.hc strippinK process. 

An experiment to observe the dielecLrooic reconhinalion 
processes on the ground state and the metastahle states 
of N”’ has just started. 

'Table 1 I,ifetime of nitrogen ion beams 

Ion Energy AveraRe L,i fetime Partial lifeline 
Press. (experiment) (theory) 

not. cooled coom ilIiiC.?%fi%pl. Strip: 
Coul. Coul. 

[MeV/ul [Torrl Csl tsl Csl Csl Csl Cd 

N” 6.07 2x lo-“* 40 120 92 1900 198 --- 
Na’ 6.07 1.4X10..‘” 10 15 250 5200 1050 13 --- 

electron 
measured 

We are indebted to cyclotron crew for 
ion sources for this experiment. 
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