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Abstract 
The accelerating structure with spatial focusing periodic 

RFQ focusing is used to accelerate protons up to .8=0.25 
rI]. The electrodes of this structure have an intricate shape. 
':rhere are two types of RF power losses: for the RF currents 
and the field emission (FE) electrons, accelerated in gaps 
r21. The values and distributions of the RF losses for the 
R~' currents are determined by the method of the changing 
surface resistance and by the method of the small pertur­
bation. This RF lossses on the new construction electrodes 
were decreased about two times. The FE electrons increase 
the total losses in the cavity about 1.7 times [2J and redis­
tribute the losses on the electrodes. The recommendations 
for suppression of these electrons are given. 

I. INTRODUCTION 
The RF power losses heat and deform the accelerating 

structure elements. The intricate shape of the electrodes of 
the accelerating structure with spatial periodic RFQ focus­
ing (SPRFQF) fig.l inhibits the calculations of the values 
and distributions of the RF losses on the electrodes. The 
electron load increases and redistributes the RF losses on 
the electrodes. Here the experimental methods are de­
scribed to determine the values and distributions of the 
RF losses for the electron load and the RF currents. The 
results are needed to decrease the losses and to design the 
electrode cooling system. 

1 \ 

Figure 1. Accelerating period of the SPRFQF structure. 
1 - ll-cavity; 2 - electrodes holders; 3 - elec­
trodes; 4 - intermediate electrod; 5 - focusing 
"horns" . 

II. RF POWER LOSSES FOR THE RF 
CURRENTS 

According to the method of the changing surface resis­
tance [3] the relative RF losses on some i-electrode are 

Pi 
P 

Qo/Q~ - 1 
RUR •. -1' 

(1) 

where Q 0 and Q~ are the unloaded Q-factors correspond­
ing to the different surface resistance R •. and R:. of the 
i-electrode. 

The value of the total cavity losses P may be found from 
the perturbation theorem: 

(2) 

where 1 is the unperturbated resonant frequency of the 
cavity, Q is the unloaded Q-factor of the cavity, E is the 
magnitude of the electric fiefd where the small perturbating 
body with from-factor k and volume V is located, t:J..I is 
the value of the frequency perturbation. 

Determination of the value k f [E2 dv is the main prob-
v 

lem. The method of experimental determination this value 
is described in the paper [4]. The method is based on 
the comparition of the frequency perturbations t:J..lap. and 
t:J..leq. t:J..la.p. corresponds to the location of the perturb at­
ing small ball in the field of the accelerating period. t:J..feq is 
measured when this ball is located in the homogeneous field 
of the equivalent cal(acitor where k = 3. The electrodes of 
the accelerating period and equivalent capacitor have been 
installed in the same H-cavity and have had the same Rl" 
voltage. 

In this case 

(3) 

where t:J..I is measured at the same point of the accelerating 
period as t:J..la.p. but in the real structure, a is the radius 
of the perturbating small ball, d is the equivalent capaci­
tor gap, U is the ll-cavity voltage in the real accelerating 
structure. 

The experiments for founding of the relative RF losses 
have been made on the special H-cavity which was loaded 
with the electrodes of five accelerating periods of SPRFQF 
structure. For realization the equation (1), the elements of 
the copper Cu electrodes have been covered with zinc Z71 
in turn. The relative surface resistance for Z71 is: 

R,z. = JPz, = 1.863, 
R,c. Pc. 

( 4) 

where Pz• and Pc. are resistivity for Z71 and Cu. 
The thickness of the Z71 coat more then 2.10- 5 m because 

the depth of the skin for Z71 is 

( - JPz, - 10- 5 
UZ n - - m 

Pc. 
(5) 

where Dcu = 0.54 . 10- 5 m is the depth of the skin for Cu 
for 1=148.5 MHz. 
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According to the results of applicable measurements the 
total cavity losses are 

p = 505 kW (6) 

for U=305 kV. 
The values and distributions of the RF losses on the 

electrodes are presented in table 1. 
As follows from these results, the electrode holders have a 

maximum of RF losses. This fact is explained with large RF 
holder currents. An increase of the cross-section perimeter 
of the holders allows to decrease this losses: 

pi _p !:.. 
hoi. - hoI. f' (7) 

where Phol. and P~ol. are the holder losses with perimeters 
f and f' accordingly. 

Table 1. 

Elements System of Electrodes Focusing 
Losses electrodes holders "horns" 
Relative losses 8.76·10 ., 6.12·10 ., 0.6·10-' 
Magnitude of the 
losses in pulse, [W] 44238 30906 3030 
Magnitude of the 
losses in pulse per 1301.1 909 89.1 
accelerating period, 
[W] 

Magnitude of the 
losses density on 7.7·10' 1.26. 106 2.3·10' 
the element in pulse 
[W/m2] 

Practically, the holders with round cross-section have 
been replaced by the holders with rectangular cross-section. 
In this case: 

f 
£i :::::: 0.18 (8) 

and the magnitude of the holders losses was decreased from 
30906 W to 

PLI. = 5563 W . (9) 

The losses of the electrode system were decreased from 
44238 W to P:Y8 = 18895 W (10) 

and the total cavity losses form 505000 W to 

p;av. = 480000 W . (11) 

The rectangular holders are used in new SPRFQF acceler­
ator. For obtaining the average value of the RF losses the 
duty factor is used. 

III. RF POWER LOSSES FOR FIELD 
EMISSION (FE) ELECTRONS 

The paper [2] shows, that the Q-factor - RF-cavity power 
relation and the power shortage of RF generators at the 
SPRFQF accelerator URAL-30 are explained with FE elec­
tron load. 

It is known, the FE current density for direct current is 
described by Fowler-Nordheim (FN) equation [5]: 

(12) 
where E is the externally applied electric field in ~, <1> 
is the work function of the metal in eV, <1> :::::: 4.5 eV for 
copper. 

For reasons of some geometric irreqularity on the elec­
trodes surfaces, the electric field E is enhanced by a factor 
{JE. Suppose that [5,7]: 

{JE = 100. (13) 

In the case of RF fields 

ERF = Ecoswt = Ecos'P (14) 

where w = 211"1, I is a radio frequency (RF). 
In this case electron field emission has place during a 

part 'P of the RF period and the equation (10) needs to 
average over the RF period: 

The value of 'Pl have been found from the condition: 

jF('Pl = O.l. 
jF(O) 

For (12) and E = 38· 106 ~ [6] 

'P1 :::::: 26°. 

The result of }F calculation is 

., 7.10-12 104.524>-0·'({JeE)2.5 _ "")°9 .u 
JF ~ e BE 

~ <1>1.75 

(15 ) 

( 16) 

(17) 

(18) 

The obtained equation agrees with the same equation [7]. 
There are two gaps in the period of the SPRFQF struc­

ture: accelerating and focusing. It is known, the tips of 
focusing "horns" have the maximum E = 38.106 V 1m [6]. 
Values of E for other elements of the electrodes are not in 
excess of 30.106 V 1m. Therefore the FE currents from this 
elements smaller by a factor of 102 as minimum then the 
current from the tips of the focusing "horns". These cur­
rents may be ne~lected in comparison with the RF current 
from the "horns. 

RF power losses are explained by the acceleration of the 
FE electorns between the electrodes and the additional RF 
currents on the electrodes surfaces. 

Power losses for the acceleration of the FE electrons from 
one" horn" are 

(19) 

° 
where Uo is accelerating voltage. 

Power losses for the additional current from one "horn" 
are 
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(20) 

The surface resistance may be neglected in comparison 
with the resistance R=100 fl, which is included as a com­
ponent of the intermediate elect rod holder for suppression 
of the higher modes [8]. 

In ~ccord with the results [2] the equation of power bal-
ance IS: 

P 
---",.-- ~0.6, 
P+I:!.P,l. 

I:!.P.l. ~ 0.7P 

(21 ) 

(22) 

where P is the total cavity losses without the electron load 
(4), I:!.P,l. are the additional power losses for the electron 
load. 

There are N focusing gaps with four "horns" in each 
in the accelerating SPRFQF structure. In this case the 
equation for an effective FE area A'J is: 

4A;JPrN + 4AeJPeN = 0.7 P 

for N=34 and Uo =152.5 kV 

A;J + 4.2.10- 5 AeJ - 1.6.10- 13 = 0, 

A'J ~ 4 . 10-9 m 2 

The FE current from one "horn" is 

(23) 

(24) 

(25) 

(26) 

The power losses for acceleration of the FE electrons in one 
focusing gap are: 

P e = 4peAeJ = 11102 W (27) 

on either electrode of this gap: 

Pel = 0.5P. = 5551 W . (28) 

The power losses for R is: 

PR = 1.05 W . (29) 

As follows from this results the basic part of the power 
losses for the FE electrons is the losses for acceleration of 
the FE electrons. 

The electron load increases the total cavity losses from 
505 kW to 856 kW. The electrodes losses per period with­
out holders and "horns" increases from 303 W to 11405 W 
and, correspondingly, the losses density from 2.5.104 W 1m2 

to 9.4.105 W 1m2 . The experimental plot of QIQmar(E) is 
shown in fig.2. The same calculational plot may be ob­
tained with equation 

Q 

Qmar 
(30) 

where }F is the current has been found from (19) for cor­
responding E and U. The curve is presented in fig.2. As 
plots are closely spaced, the equation (28) may be used for 
estimate of the electron load effect. As it follows from this 
plots, the electron load effect disappeares when E decreases 
from E=380 kV fcm to E'=300 kV fcm. This decrease may 
be obtained with decrease of the focusing voltage or in­
crease of the curvature radius of the" horn" tip, but this 
way is undesirable for the partical dynamics. 
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Figure 2. The experimental and calculated relationship 
QIQmar as a function of E. 

If E is constant, the FE electrons may be depress by the 
choice of the electrode metal having the work function <1>' 
such that: 

}r(<1>,E') ~}r(<1>',E). (31) 
The solution of this equation is 

<1>' ~ 5.26 eV . (32) 

The work function of platinum <1>p,=5.32 eV conforms to 
this condition. The FE current density for the platinum 
electrodes is 

(33) 

The value }Fp, smaller about 200 times then the FE current 
density for the copper electrodes. But the PI electrodes are 
very expensive. In this case the PI coat may be used. 
When the thickness of this coating. is about 5.10-6 m then 
decreasing of Q-factor is about 3%. 

Finally the suppression method of electron load may be 
found in result of the experimental research which is doing 
now. 

IV. CONCLUSION 
In this paper the distribution and value of RF losses on 

the electrodes of the SPRFQF structure were determined 
by the experimental methods. The influence of the elec­
tron load, causing the increase and redistribution of the 
losses, was studied. Recommendations for suppression of 
this electron load were given. 
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