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Abstract 

Voltage step method for friction force measurement in 

electron cooling is well known. The similar method for 

friction force measurement in longitudinal stochastic 

cooling with comb filter is provided. First test of the 

method during the run at COSY has been implemented.  

INTRODUCTION 

Stochastic cooling systems (SCS) for High Energy 
Storage Ring (HESR) and Nuclotron-based Ion Collider 
fAcility (NICA) are under development in GSI Helmholtz 
Centre for Heavy Ion Research [1] and in Joint Institute for 
Nuclear Research [2] respectively. The preparatory 
experimental work on stochastic cooling for HESR and 
NICA is carried out at COoler SYnchrotron (COSY) at 
Forschungszentrum Jülich [1]. During this work hardware 

solutions and automation techniques for system adjustment 

had been worked out and tested. The automation technique 

is based on the cooling process simulation which is 

described by Fokker-Planck equation (FPE) [3]. One of the 

notions defining the evolution of the cooling process is 

drift term of the FPE which is also known as friction force. 
The measurement of friction force may be fruitful for fine 
tuning of cooling systems. The approach for friction force 

measurement in filter stochastic cooling is discussed 

below.  

DESCRIPTION OF THE METHOD 

Procedure 

Originally the method of longitudinal friction force 

measurement was widely used in electron cooling [4 – 7]. 

Cold electrons interchange their temperature with hot ions 

during the electron cooling process. Cathode voltage of the 

electron cooler defines energy of electrons. If the mean 

energy of electrons is slightly different than the one of ions 

the ion energy distribution evolves to the new equilibrium. 

The experimental procedure is the following: at first the 

mean electron energy is equal to the ion one, then after a 

rapid voltage step on the cooler cathode the friction force 

shifts along the energy as shown in Fig. 1 and ion energy 

distribution starts to evolve as shown in Fig. 3. By the 

evolution of maximum and/or mean values of ion energy 

distribution one can evaluate the actual friction force. The 

evaluation is described in details in the next section. 

Similar procedure where the shift of the friction force is 

provided for momentum stochastic cooling can be done 

with a comb filter. Such technique is simpler for filter 
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stochastic cooling due to comb filter has more parameters 

to adjust (see Fig. 2) in comparison with other methods for 

momentum stochastic cooling. Simulation based on FPE 

approach [2] shows that proper shift of the friction force 

along the energy is performed by adding extra delay Δtfilter 

in the long leg of the comb filter and proportional system 

delay 

Filter

0

KP
sys t

T

T
t   , 

where TP→K is time of flight between pickup and kicker for 

the reference particle and T0 is the revolution period. So 

the only difference in procedures for friction force 

measurement between electron and filter stochastic 

cooling is that instead of changing one parameter of 

cathode voltage for electron cooling there are two 

proportional parameters Δtfilter and Δtsys which should be 

stepped simultaneously. 

 

Figure 1: FPE drift term a.k.a. friction force (blue): initial 

(solid) and shifted to the left or to the right (dashed) in 

comparison with distribution function (orange). 

 
Figure 2: Scheme of optical comb filter 

The friction force of the momentum stochastic cooling 

is alternating and during the adjustment several possible 

delay combinations lead to cooling. The optimal 

combination of delay parameters is when system delay is 

equal to the reference particle’s transit time between 
pickup and kicker and filter delay is equal to the revolution 

period. If SCS has optimal adjustment the friction force is 

close to an odd function. In our case we intentionally 

chosen not optimal adjustment of the system by adding 

extra system delay in order to have asymmetric friction 

force. The transfer function of the SCS which is 

proportional to the friction force is shown in Fig. 4. 
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Figure 3: Evolution of ion beam energy distribution due to 

shift of the friction force. 

 
Figure 4: Transfer function of the COSY SCS during the 

experiment. 

Measurements 

The first implementation of the method described above 

has been done at COSY. The parameters of COSY and its 

stochastic cooling system are given in Table 1. 

Table 1: Parameters of Stochastic Cooling at COSY 

Parameter Value 

Circumference 184 m 

Ions p+ 

Energy 2.285 GeV/u 

Revolution frequency 1 559 493 Hz 

Slip-factor, η -0.1 

Intensity 3·109 ions 

Δp / p0 3·10-4 

Bandwidth 2-4 GHz 

Output Power 0 W 

Measurements were carried out at the 1400th harmonic 

of the revolution frequency. Spectrum analyzer saved one 

spectrum per second. Two measurements are given as an 

example in the paper. During the first measurement the 

proton beam was initially accelerated by the filter 

stochastic cooling phase step, and when the beam reached 

the new equilibrium energy it decelerated back to the initial 

state. The spectrogram of the first measurement is shown 

in Fig. 5 (top) During the second measurement the beam 

was initially decelerated and then accelerated back. The 

spectrogram of the second measurement is shown in Fig. 5 

(bottom). The difference between measurements is that 

system gain in the second one is 3 dB higher. 

 

 

Figure 5: Waterflow spectrogram of the first (top) and 
second (bottom) measurements. 

Processing 

Before we started the friction force evaluation we 

filtered out the outlying noise signal which is clearly seen 

(in Fig.5 both top and bottom) as a blob right to the signal 

distribution during the accelerating phase. The noise was 

filtered by the combination of low pass and minimum 
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filters. The frequencies of filters were searched by the rule 

of thumb in a trade-off between noise reduction and signal 

loss. Also before the evaluation the spectrograms of 

schottky noise power vs frequency was converted into the 

energy distribution functions.   

The FPE for the preprocessed energy distribution 

function Ψ, friction force F and diffusion D is written in 

the form [3]           
0

E

t,E
ED

E
t,EEF

Et

t,E 












  

Following only the distribution maximum value EM for 

which distribution function satisfies the condition 

   
0

E

t,E
t,E

ME

M 
  

we obtain the reduced equation without a diffusion term       0t,E
E

EF

t

t,E
M

MM 


  

and finally we can trace the exact value of the friction force 

up to the equilibrium point Eq 
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Another characteristic value of the distribution is its mean 

as known as first raw moment M. Its evolution is written 

as  

         















 dE
E

t,E
ED

E
t,EEF

E
E

dt

dM  

The first term is transformed as follows 

         
  FdEt,EEFdEt,EEF
E

E
 

and if we assume that the diffusion is approximately an 

even function we obtain the second term of the mean 

evolution is almost zero. So the evolution of distribution 

mean corresponds to the friction force averaged over the 

energy distribution function which tends to actual value of 

the friction force as the distribution function approaches to 

Dirac δ-function 

 MFF
dt

dM   


  

It means that the evolution of mean value for relatively 

narrow distributions is also applicable for approximate 

estimation of the friction force. 

The evolution of mean and maximum energy 
distribution function values for first and second 
measurements is given in Fig. 6. 

 

 

Figure 6: Evolution of maximum (Max) and mean 
(Moment) energy distribution function values for first and 
second measurements. 

RESULTS 

The estimated friction force for both measurements in 
comparison with theoretical one proportional to the system 
transfer function is given in Fig. 7. The asymmetry of the 

theoretical friction force is repeated for both experimental 

estimations. The 3dB gain difference between two 

measurements is seen as well. As we suppose the 

estimation of friction force based on the evolution of the 

distribution maximum is more precise than the mean 

evolution. But for approximations the mean evolution can 

be also used. 

 

 

Figure 7: Comparison of theory and measurements for first 
(top) and second (bottom) measurements. 
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CONCLUSION 

The presented approach allows one to evaluate the 
friction force of filter stochastic cooling based on the 
experimental measurements. First tests of the method were 
performed at COSY and demonstrated an agreement with 
the theory. 

ACKNOWLEDGMENTS 

Authors are sincerely grateful to the COSY team for 
smooth and steady operation of the machine during the 
experiment. 

REFERENCES 

[1] R. Stassen, B. Breitkreutz, and N. Shurkhno, “Recent Results 
of HESR Original Stochastic Cooling Tanks at COSY”, 
IPAC'18, Vancouver, BC, Canada, Apr. 4,, pp. 913-915, 
doi:10.18429/JACoW-IPAC2018-TUPAF078 

[2] E. Syresin et al., “NICA Accelerator Complex at JINR”, 
IPAC'19, Melbourne, Australia, May 2019, pp. 452-
454. doi:10.18429/JACoW-IPAC2019-MOPMP014 

[3] T. Katayama, N. Tokuda, “Fokker-Planck Approach for the 
Stochastic Momentum Cooling with a notch filter”, Part. 
Accel. 1987. V. 21. P. 99. 

[4] G.I. Budker et al., Preprint IYaF 76-32 (1976), URL: 
http://cdsweb.cern.ch/record/118046/files/CM-
P00100706.pdf  

[5] M. Steck et al., “Electron Cooling of Heavy Ions at GSI”, 
PAC93, Washington D.C., USA. 1993, pp. 1738-1740 

[6] L. Prost et al., “Electron Cooling of 8 GeV Antiprotons at 
Fermilab’s Recycler: Results and Operational Implications”, 
ICFA-HB’06, Tsukuba, Japan, WEAY02 p. 182 (2006) 

[7] L. Mao et al., “Longitudinal Cooling Force Measurements in 
HIRFL-CSRm”, IMP & HIRFL Annual Report, 2008 

 

12th Workshop on Beam Cooling and Related Topics COOL2019, Novosibirsk, Russia JACoW Publishing
ISBN: 978-3-95450-218-9 ISSN: 2226-0374 doi:10.18429/JACoW-COOL2019-TUPS18

TUPS18
122

Co
nt

en
tf

ro
m

th
is

w
or

k
m

ay
be

us
ed

un
de

rt
he

te
rm

so
ft

he
CC

BY
3.

0
lic

en
ce

(©
20

19
).

A
ny

di
str

ib
ut

io
n

of
th

is
w

or
k

m
us

tm
ai

nt
ai

n
at

tri
bu

tio
n

to
th

e
au

th
or

(s
),

tit
le

of
th

e
w

or
k,

pu
bl

ish
er

,a
nd

D
O

I.

Stochastic Cooling


