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Introduction 

The old idea of recirculating the beam in a linear accelerator becomes 

more interesting with the introduction of the superconducting accel.erator. 

The long duty cycle makes it possible for the beam to go around several 

times. In fact, if the superconductin, 0‘ accelerator is operated CW, the recir- 

culating beam could also be continuous. 

The purpose of this note is to examine the practical limitations involved 

in recirculating a beam at SLAC in order to get the highest possible energy. 

A nominal goal of 100 GeV has been chosen as a value worthy of an 

extensive rebuilding of the SLAC accelerator, yet low enough that good use 

can be made of the beam within the confines of the SLAC boundaries. Earlier 

in this conference, R. B. Neal’ reported on the tentative parameters of a 

100 GeV superconducting accelerator,3000 meters long. It was noted that 

this requires an ener,gy gradient of 33 MeV/meter, a value which has yet 

to be demonstrated in a superconducting accelerator structure. 

Interest in a recirculating beam stems from the need for an alternative 

way of obtaining high energy if for any reason it proves impossible or infeas- 

ible to achieve the 33 MeV/meter energy gradient, In passing, it should be 

noted that although 33 MeV/meter is theoretically possible for a traveling 

wave design in a niobium structure, that there are at least two practical 

limitations which have not been achieved as of the date of this conference. 

,’ 

One limitation is the RF magnetic field limit, Hcl, at which the T)yle II 

superconductor starts to go normtll. The latest results, reported by 11. A. 

Sch\vettman2 at this conference, in excess of 500 gauss for Hcl, are reason- 

ably close to the approsimately 750 gauss required for a TW structure at 

33 MeV/meter . 
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The second limitation is the onset of field emission for electrons from the 

walls of the structure. RF energy is lost to such electrons which then strike 

the walls, converting the energy to heat which must be removed by the refrig- 

eration system. An accelerator structure operating at a high energy gradient 

must have very low field emission or else the refrigeration demand becomes 

excessive. Until a structure can be operated in the accelerator mode at high 

enough field levels, it is essentially impossible to predict at what field level 

field emission could become important. Although the Fowler - Nordheim 

theory appears to apply3, field enhancement due to sharp projections or 

foreign matter on the surface may cause field emission at fields lower than 

predicted from RF field calculations. 

Qnchrotron Radiation 

The limitation on the energy of a circular electron accelerator is the loss 

of ener,g of the beam due to synchrotron radiation. Synchrotron radiation 

is the name given to the band of light and x-rays emitted by a beam of electrons 

which are being accelerated in an electromagnetic field. In the case in which 

the beam is caused to go in a circle, the energy loss per revolution is given 

U= 8.85X1O-32 4 E /r electron volts/revolution CI) 

where r is the radius of curvature in meters and E is the beam energy in 

electron volts. 

Figure 1 is a view of the SLAC site with theprq~ose;irecirculating beam 

superimposed using 225 meter radii for the loops, The choice of the radius 

is quite arbitrary, but the effect of changing it by less than a fact.or of 2 is 

essentially negligible for the purpose of this note. The long straight line for 
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the return path is of course very simple and could be made by a tunnel-digging 

machine. 5 It would contain only an ordinary vacuum pipe and some steering 

and focusing magnets. The magnet rings are assumed to consist of a suitable 

lattice of separated function bending and focusing magnets. Figure 2 shows 

the topographic cross section on the beCam path. 

The fact that the synchrotron radiation limit is reached so quickly appears 

to favor a separate return path rather than one which uses the accelerator 

tunnel. Even though the beam can be accelerated on the return path in a 

standing wave accelerator, the bigger, more complicated magnet rings add 

to the cost without apparently adding any capability. 

In an earlier note6 on which this work is based, it was assumed that as 

many as three separated orbit return loops could be used. Subsequent consid- 

eration of the promise of superconducting RF structures, as described in 

Ref. 1, make it seem more realistic to assume that at least 50 or 60 GeV 

can be achieved in a single pass through the 3000 meter-long accelerator 

housing. Then only one return loop woulcl be required to obtain 100 GeV. 

Due to the high rate of synchrotronradiation, the beam energy is changing 

significantly within the magnet rings. Thus it is necessary to integrate the 

energy loss to calculate the remaining energy. From Eq. (l), the energy lost 

per radian is 

dE 8.85x10 -32 E4 
-=- 
de 27r r eV/radian 

where r is a constant. Integrating Eq. (2)over 277 raclians results in 

(2) 

where E is the energy after the beam has gone through both rings ancl is back 

at the injection end. E. is the energy the beam had as it entered the magnet 

ring. 
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The characteristic energy of the photon spectrum of the synchrotron radi- 

ation is given by 
7 

3hc 3 
Ec==Y (4) 

where h is Plan&s constant, c is the velocity of light, r is the effective 

bending radius and Y is the beam energy in units of mc2. An estimate for 

the statistical fluctuation of the emitted radiation can be found by assuming 

that the lost energy, E. - E = nEc, where n is the number of photons emitted 

in a bend of 27r radians. The standard deviation of the emitted radiation is 

thus 

The resulting spread in the beam energy is AE/Eo. The use of E. rather 

than E is an acceptable approximation if E. is used in Eq. (4)to calculate y . 

Using Eqs. (3)xnd(5)and the parameters assumed above, it is now possible 

to obtain a list of parameters for a recirculating beam facility (see Table I). 

Magnet Loops 

At this time, only enough is known about the magnet loops t.o permit some 

general remarks. 

It is expected that the magnets would be dc exci.tecl for economy and stability. 

If conventional magnets are used, the power costs would be considerable. 

Attention is thereby drawn to superconducting magnets or to aluminum wire 

cryogenic magnets such as described by Danby. 
8 The latter would be ideally 

suited since the fields required are only about 10 kG. 
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The magnetic transport system must be both achromatic and isochronous. 

The isochronous (constant time) condition is required to preserve the bunched 

characteristic of the beam. Debunching due to velocity spread is negligible 

at these energies. It appears desirable to have the shortest possible focusing 

(betatron) wavelength in order to minimize debunching in each lSO” bend. A 

small (-Go) reverse bend, on the lon g straight return path, can be used to 

restore the bunch structure if necessary. 

The effect on transverse phase space of the emission of synchrotroi1 radi- 

ation is to cause an increase, particularly in the horizontal pla.ne, Mlich will 

be difficult to transport through the accelerator. The accelerator steering 

and focusing will be constrained by the requirement that two beams will be 

transported simultaneously. How much can be gained by damping with the 

magnetic focusing system has not been determined, 

This proposal has been described as “4 miles of BBU”. If a transverse 

instability develops it may in fact be possible to use a feedback scheme. 

Such a scheme is indicated because of the CW operation and the fact that the 

beam takes a longer path than the signal cable from pickup cavity to amplifier. 

For the beam to be accelerated on the second pass, it must have traveled 

an integral numberofRF wavelengths. The requirement for phasing to A/l00 

(about 4’ of phase) requires that the path length tolerance is h/100. In an 

isochronous system, the zero order path length is determined by the position 

of the focusing elements. The correct phase can be obtained by remotely 

moving some of the quadrupole lenses. 

Conclusion 

The problems discussed above make it clear that it would be much pre- 

ferred if the 100 GeV beam can be generated without resorting to a 
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recirculating scheme. However, it does appear that, if necessary, arecirculating 

beam facility could help boost the energy to about 100 GeV. That 100 GeV is 

nearly the upper limit is also fairly apparent, 

Acknowledgment 

It is a pleasure to acknowledge helpful discussions with M. A. Allen, R. H. 

Helm, R. H. Miller and M. Sands. R. S. Gould kindly supplied the topographic 

cross section. 

-7- 



References 

1. R. B. Neal, llSample Parameters for a Two-mile Superconducting 

2. 

3. 

4. 

5. 

6. W. B. Herrmannsfeldt, “A Recirculating Beam in a Cryogenic SLAC”, 

7. 

8. 

Accelerator”, Session 1 of this conference. 

H. A. Schwettman, Session 6, Summary talk from Session 1. 

H. A. Schwettman et al., IEEE Transactions on Nuclear Science, Volume 

NS-14 Number 3, p. 336, June 1967. -, 

Livingston and Blewett, Particle Accelerators, McGraw-Hill. 

Thomas E. Howard, “Rapid Excavation”, Scientific American 217, p. 74, 

Nov. 1967. 

TN 68-S, March, 1968, Stanford Linear Accelerator Center, Stanford, 

Calif. 

J. Schwinger , Phys. Rev. 75, 1912 (1949). 

G. T. Danby, “Design of Synchrotrons Using Cryogenic Magnets”, 

Session 6 of this conference. 



TABLE I 

Parameters for a Single Loop, Recirculated Beam Accelerator 

Length = 3000 meters 

Energy gain per pass = 60 GeV 

Energy gradient = 20 MeV/meter 

Effective radius of loop = 200 meters (a> 

Energy lost to synchrotron radiation = 4.8 GeV (360’ be@ 

Final energy after two passes = 2X60 - 4.8 ~11.5 GeV (b) 

Characteristic energy of synchrotron photons = 2.5 MeV 

Number of characteristic photons per electron = 1920 

Quantum statistical energy spread = 109 MeV 

-One-loop percentage energy spread = 0.109/55.2 = k 0.2 s(‘) 

of 69 Final percentage energy spread = + . 1 ;O 

(a) Effective Radius; The effective radius is defined as the actual bend- 
ing radius in the bending magnet. It was chosen as about 10% less 
than the radius of the beam line to permit insertion of suitab1.e 
focusing magnets and drift lengths. 

. . 

03 Final Energy; Assuming 60 GeV per pass, the final energy is somewhat 
higher than 100 GeV. Note that the maximum possible energy of electrons 
which can be bent through the 200 meter loops, found by setting E to infin- 
ity in Eq. (3), is only 91 GeV, (if we ignore quantum fluctuations)? 

(4 Energy Spread; At the injector end, after the first loop, the spread 
is I- 0.2 %. After the second pass through the accelerator, the 
spread due just to synchrotron radiation is -t 0.1 %, which is probably 
comparable to the spread due to all other &uses combined. 
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Figure Captions 

1. A contour map of the SLAC area showing the proposed recirculating 

beam path. 

2. A contour cross section showing the recirculating beam line from Fig. 1. 

Note that the loops are shown as a projection which makes the beam 

elevation appear to undulate. 
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