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1.8 K cooling needed 
with Q = 4 x 109

n/a 7 kW

Energy resolution 10-2 10-4

Average current <10 A 100 A
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Topics to be Covered

1. Choice of accelerator structure for the superconducting linac (SCA)
2. Description and performance of the linac injector
3. Single pass regenerative beam breakup
4. Description and performance of the linac in NP experiments
5. Multipass regenerative beam breakup
6. Description and performance of the recyclotron in NP experiments
7. The linac and modified recyclotron in FEL experiments and in 

the demonstration of same-cell electron beam energy recovery.



Choice of accelerator structure 
Constraints: frequency=1.3 GHz; Length~6m (consistent with 14MeV/m, a 100A beam and a 10 kW klystron/structure)

/2 /2 /2 /2 /2 /2

• Chain of N coupled pillbox cavities has N normal modes
• Pi mode is “obviously” the most efficient
• In the 60s very competent accelerator physicists       were 

adamant that the  mode wouldn’t work and many 
argued passionately for the /2 mode. Why?

• Nearly everything follows from the fact that any energy 
losses in the cavities require the eigenfrequencies of the 
normal modes to be complex and thus a pure mode 
cannot be excited. 

• The excitation of unwanted modes is small as long as 
the relative frequency spacing between the desired 
mode and its nearest neighbor (߱߱	) is >>1/2Q.

• This leads to గܰଶ ≪ ഏమംర ܳ	and గܰ/ଶ ≪ గఊଶ ܳ.

Dispersion curve for 1.3 GHz center-fed 26 
wavelength structure with coupling 
constant ()=1%.
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• he  mode is much less tolerant of fabrication errors 
than the /2 mode, but still OK for SRF.

• Lack of unexcited 
cavities in the 
mode convinced us 
to concentrate on a 
bi-periodic /2 
mode structure.















Demonstration of the superconducting electron accelerator as a high-intensity high-resolution device
M.S. McAshan, K. Mittag, H.A. Schwettman, L.R. Suelzle, and J.P. Turneaure

Appl. Phys. Lett., Vol. 22, No. 11, 1 June 1973

Note: At 250 uA the spreads in the phase 
and energy increased by only 10%.
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TM011 Fields

Near the axis the fields can be approximated as

dipole ~ 1.5 accelerator

Bx = (B0/2)sin(t) Ez = (B0/2) y cos(t)

Remember, there is another TM011 mode rotated 90 degrees to 
this one. Assume that f is several bandwidths.
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Single Pass Regenerative BBU



Single Pass Regenerative BBU
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If L = 1 m, Ebeam= 10 MeV, QL = 109, and fdipole ~ 1.5 facc = 1.5 GHz
then Ithreshold ~ 10 a.



K. Mittag, H.A. Schwettman, and H.D. Schwartz, 
IEEE Trans. Nucl. Sci. NS-20, 86 (1973)





Phys. Rev. Letts. 45, no. 20 pp. 1615-1616, November 1980

Electrons of 26 to 40 MeV from the superconducting 
accelerator at the Stanford University High-Energy 
Physics Laboratory were incident on a thin (33- g/cm2) 
24Mg target at a peak intensity of 220 A with a duty 
factor of about 90%.



Phys. Rev. Letts. 45, no. 20 pp. 1615-1616, November 1980

Electrons of 26 to 40 MeV from the superconducting 
accelerator at the Stanford University High-Energy 
Physics Laboratory were incident on a thin (33- g/cm2) 
24Mg target at a peak intensity of 220 A with a duty 
factor of about 90%.

The experiment required ~150 hours of beam time on the SCA, a 
factor of 100 less than on a conventional low duty factor linac.





Multipass Regenerative BBU

From injector



Multipass Regenerative BBU

From injector To beam dump



Multipass Regenerative BBU

From injector

Dipole magnetic field gives the 
beam transverse momentum (py)



Multipass Regenerative BBU

Orbit matrix converts 
py to y = M12py/pz

From injector



Multipass Regenerative BBU

Orbit matrix converts 
py to y = M12py/pz

Off-axis electric field decelerates the 
beam, adding energy to the cavity 
and increasing the dipole fields.

From injector



Multipass Regenerative BBU

Orbit matrix converts 
py to y = M12py/pz

Off-axis electric field decelerates the 
beam, adding energy to the cavity 
and increasing the dipole fields.

From injector

With the same cavity as before, and assuming M12 = 1 meter, the BBU 
threshold is now only 1 a, a factor of 10 lower than single pass breakup.
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J. R. Calarco, Proc. 1980 RCNP International Symposium on 
Highly Excited States in Nuclear Reactions, Osaka University, 
Osaka, Japan, Eds. Ikegami and Muraoka, p. 543, May, 1980;



The Free Electron Laser

Single 4 ps bunch every 
110 RF cycles 

Normalized = 5.2 mm mr

Phys. Rev. Letts. 38, No. 16, 18 April (1977) pp. 892-894



Appl. Phys. Lett. 52 (19), 9 May 1988

First demonstration of same-cell energy recovery



Appl. Phys. Lett. 52 (19), 9 May 1988

First demonstration of same-cell energy recovery

Nucl. Instr. & Meth. in Physics Research,
A259, (1987) pp. 1-7 (North Holland)

Net rf power required by one of 
the SCA accelerating structures 
at constant field level. (a) Large 
pulse: power required with 
recirculated beam and system 
length adjusted to accelerate 
the recirculated beam. Small 
pulse: power required with the 
second pass (recirculated) beam 
blocked. 



Appl. Phys. Lett. 52 (19), 9 May 1988

First demonstration of same-cell energy recovery

Nucl. Instr. & Meth. in Physics Research,
A259, (1987) pp. 1-7 (North Holland)

Net rf power required by one of 
the SCA accelerating structures 
at constant field level. (a) Large 
pulse: power required with 
recirculated beam and system 
length adjusted to accelerate 
the recirculated beam. Small 
pulse: power required with the 
second pass (recirculated) beam 
blocked. (b) Small pulse: System 
length adjusted to decelerate 
the second pass beam. Large 
pulse: power required with the 
second pass (recirculated) beam 
blocked. 



Stanford SRF Related Firsts

RF Superconductivity
• First high Q-values
• First high fields
• First niobium cavities

Electron Linacs
• First electron acceleration in a superconducting structure
• First feedback control of accelerating fields
• First external loading of HOMs
• First electron beam recirculation in a linac
• First demonstration of same-cell energy recovery

Helium Refrigeration
• First superfluid helium refrigerator

Free Electron Laser Physics
• First amplifier experiment
• First oscillator experiment
• First measurement of optical beam quality
• First linac-based lasing in the visible by a FEL
• First tapered-undulator oscillator experiment



The End
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