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Energy 1 GeV 2 GeV
Voltage Gradient 13 MV/m 14 MV/m
Duty Factor 5x10* cw

1.8 K cooling needed n/a 7 kW
with Q =4 x 10°

Energy resolution 1072 104

Average current <10 pA 100 pA



Design, Construction, and Utilization of the World’s First

Superconducting Linear Accelerator

Todd | Smith
Hansen Experimental Physics Labs
Stanford University

I O R

Energy 1GeV 2 GeV

Voltage Gradient 13 MV/m 14 MV/m (one pass)
2.8 MV/m (five passes)

Duty Factor 5x10* cw

1.8 K cooling needed  n/a 7 kW (one pass)

withQ =4 x 10° 280 W (five passes)

Energy resolution 107 104

Average current <10 pA 100 pA



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 100uA beam and a 10 kW klystron/structure)
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Chain of N coupled pillbox cavities has N normal modes * The nm mode is much less tolerant of fabrication errors
Pi mode is “obviously” the most efficient than the ©/2 mode, but still OK for SRF.
In the 60s very competent accelerator physicists  were * Lack of unexcited Dispersion curve for 1.3 GHz center-fed 26
adamant that the 1 mode wouldn’t work and many cavities in the 1312 ?/o(qusif:tgg; Sy/““‘” el CO“p””gy e,
argued passionately for the /2 mode. Why? mode convinced us
Nearly everything follows from the fact that any energy to concentrateona
losses in the cavities require the eigenfrequencies of the bi-periodic mt/2 / m-mode
normal modes to be complex and thus a pure mode mode structure. 3 Q>>3x10°
cannot be excited. i}
. . . N o
The excitation of unwanted modes is small as long as § \
the relative frequency spacing between the desired 1297 § . —mode
mode and its nearest geighbor (Aw/w ) is >>1/2Q. & | Q >> 3000
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This leads to N < =XQ and Ny, < 5 Q. 1292 /
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INDIUM SEALS

FREQUENCY TUNER u R.F. POWER INPUT FREQUENCY TUNER
PROBE
(! J)
Tl e e —
BEAM z 3 3 - = A L sEAM
PIPE PIPE

6 m ACCELERATOR STRUCTURE COMPOSED OF SEVEN 7/2A SUBSTRUCTURES

AN A -
2 Sxy %—']
0]

N

~ TYPICAL 7/2X SUBSTRUCTURE







by o

Assembled 20-foot accelerator dewar module. This section has ena caps
at one end and is connected to another module at the other =nd.

RF power input. G. Accelerator structure. This is assembled
Liquid nitrogen vent. from seven units, one of which is detailed
Dewar support and alignment at bottom center.

ad justment. H. Field sampling rrobe. (Output to feedback
Vacuun jacket (36 in. diameter tenk). electronics.)

Liquid nitrogen shield. I. Structure tuner.

Helium dewar (2L in. diameter tank). J. Detail of 24 in. diameter V-band indium seal.
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PHASE REFERENCE LINE
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PHASE REFERENCE LINE
(1.3GHz - 100kHz MOD. SUPPRESSED CARRIER)
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l Oscilloscope traces obtained during a recent test with a pulsed
RF POWER AMP reference voltage on a superconducting cavity structure. Trace (A)
FOR DISTRIBUTION is the cavity voltage, trace (B) is the square root of the incident
T power (linear detectors), and trace (C) is the square root of the

1.3 GHz OSC. ge;;zgtzirpgzirisiggr? the cavity structure. The time scale is
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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

DETECTOR CURRENT

INJECTOR ENERGY SPECTRUM AT 254.A

n
AE =9.2 KeV
ENERGY SPECTRUM WITH (AE/E =0.11%)
PHASE ANALYZER AT
25 KeV/ DEGREE
AE = 35 KeV
= Af=12°
f
ENERGY —= et

Appl. Phys. Lett., Vol. 22, No.

11, 1June 1973

TABLE I. Measured performance parameters for the injec-
tor system at a beam current of 25 pA,

100-keV injection emittance

ABAE (50% of beam) 57 KeVdeg
ArAa (90% of beam) 57 mm mrad
Injector emittance at 8.5 MeV

AGAE (FWHM X FWHM) 11 keV deg
ArAa (90% of beam) 0.37 mm mrad
AFE (at minimized energy spread) 3.8 keV

Af (at minimized energy spread) 2.8 deg

Output from beam filter (8,5 MeV)

ArAa (90% of beam) 0. 67 mm mrad

AE 9.2 keV
A6 1.2 deg
Energy stability (30 min) +3x10°°

—

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



TM,,, Fields

B =-B7 ) cos(gysin(ar) E. = BcJ, (kr)sin(g) cos(art)
B, = ByJ, (kr)sin(¢)sin(er) L@ _2m _3.833
c A a

Near the axis the fields can be approximated as

B, = (By/2)sin(wt) E, = (B,/2) ®y cos(wt)
(Ddipole ~1.5 (Daccelerator
Remember, there is another TM,,, mode rotated 90 degrees to

this one. Assume that Af is several bandwidths.



Single Pass Regenerative BBU
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Single Pass Regenerative BBU
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IfL=1m, E,,,,=10 MeV, Q, = 10°% and f 0. ~ 1.5 f,e. = 1.5 GHz
then lthreshold ~10 na.



BEAM BREAKUP IN A 55-CELL SUPERCONDUCTING ACCELERATOR STRUCTURE¥

+
K. Mittag*, H. A. Schwettman and H. D. Schwarz
Department of Physics and High Energy Physics Laboratory

Stanford University
Stanford, California 94305

Introduction

Longitudinal and transverse beam breakup defines
an upper limit to the beam current that can be attained
in a linear accelerator.1:2,3 1In a superconducting
accelerator (SCA), the problem of regenerative beam
breakup is particularly important because the inherent
Q-values of the relevant modes are extremely large.
On the other hand, the problem of cumulative beam
breakup in a SCA is comparable to that in a conventional
electron linac. In this paper we describe the re-
generative beam breakup characteristics of the 55-cell
multiperiodic structure which is the basic unit of the
SCA being developed at Stanford.”? The breakup charac-
teristics of the capture section and the pre-accelerator
section have been described previously. In these
studies it is demonstrated that the relevant breakup
modes can be selectively loaded, and that the starting
current for regenerative beam breakup in a SCA can be
increased to 500 pA, a value well in excess of the
initial design objective of 100 pA.

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

TABIE I

EEAM BREAKUP PROPERTIES OF FIRST AND SECOND 55-CELL STRUCTURES

First structure Second structure
, R xscz% q,,% 19, Qﬁ;
Band* i} £(MHz) (10%) Probe** (107) (10*8) Probe** (107)
Ty L2 1297.506 - - - = -
" 53 1297. 625 > 770 input 150 > 22,000 input 150
b 1297.920 <0 - - <0 - -
b5 1298.353 <0 input 8 <0 input 8
L6 1298.806 <0 - - <o -
a7 1299, 284 <0 input L <0 input b
48 1299. 745 <0 - - <o -
49 1299. 994 - input 1 - input 1
50 1300. 691 > 100 Hg(8) 80 > 1400 Hg(s) EY
51 1301.000 > 12 input 3 > 160 input 6
52 1301.232 > 360 Hg(8) u70 > 5000 Hg(8) 470
53 1301.%95 > 30 input & > koo input u
5k 1301. 622 <0 - - <0 -
55 1301. 847 >13 input 2 > 180 input 2
'n:u(l) 1 1470. 666 > 300 E, 0 > 900 H,(L) 500
(1) 2 1495.406 > 70 E, 10 > 210 " ke
w 3 1542, 625 > 50 E. 5 > 150 37
(1) 1599.236 9 E. 5 27 37
(1) 5 1660. 242 <0 - - <0 - -
™, 1 1907. 660 - H,(EP) i - H,(BP) 77
" 2 1907. 466 - " 21 - " 21
" 3 1907.103 > 240 " 6.3 > k8o 6.3
" b 1906. 665 > 1 " 6.5 > 320 6.5
" 5 1906.151 > 200 " 10 > %00 10
" 3 1905. 677 > 2k " 10 > 480 10
" 7 1905.213 > 200 " 8 > %00 " 8
" 8 1901. 707 > 100 " 1k > 200 " 1
" 9 1900.836 6 " 7 150 1k
" 10 1899.497 <o " 5 <o 5
1 1898.105 17 " 4 37 b
" 12 1896.455 17 " 5 37 5
13 1895.128 <0 - 1.5 <0 1.5
" 1% 189%.250 <0 " 6 <o 6
15 18€8.787 <0 6 <o 6
16 1836.977 > 50 3 > 100 3

* (1) refers to number of substructure in 6 m structure (See Fig. 1).

mode number

frequency of only one polarization

** probe which loads mode down to

xt 3
input, Hg , B, , E, label both loading probes and fields to which probes couple;

L, S refer to long and short cells, BP to beam pipe (See Fig. 1).






Fission Modes of Mg
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J. R. Calarco, R. E. Rand, and H. A. Schwettman i
High-Enevgy Physics Labovatory, Stanford University, Stanfovd, California 94305 3t
(Received 27 August 1980) -

Coincidence measurements of electrodisintegration products have been used to simul-
taneously study the 1°C + 12¢, %0+ 8Be, and ?Ne + @ decay channels of *Mg. Asymmetric
fission into %0+ ®Be, is concentrated between 18 and 28 MeV in “Mg and exhibits reso-
nances with cross sections ten times those of symmetric fission. There is little correla- -
tion among resonances in the three decay channels. The fission yields are not consistent -
with statistical decays from giant resonances, and suggest highly clustered states in *Mg. r

E(3)/7E(1)

!
R

Electrons of 26 to 40 MeV from the superconducting - ' .
accelerator at the Stanford University High-Energy IR AN b
. . . . 40 30 20 10 0] 10 20 30 40
Physics Laboratory were incident on a thin (33- pg/cm?) At (nsec)
04 . . .
Mg target at a peak Intensity 0f 220 H Awith a dUty ‘FIG. 1. The coincidence-detection geometry is shown

factor of about 90%. schematically in (a). A density plot of the ratio, formed
from the energy of the light fragment over that of the
heavy fragment, is shown in (b) as a function of the
time difference between their arrival in opposite count-
ers. The origins of the predominant peaks are indi-
cated. Those labeled “20” (“1a”) are from *'Mg — %0
+ 8Be where both (only one) @’s from the decaying 8Be

Phys. Rev. Letts. 45, no. 20 pp. 1615-1616, November 1980 are detected.
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The experiment required ~150 hours of beam time on the SCA, a heavy fragment, is shown in (b) as a function of the
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+ 8Be where both (only one) @’s from the decaying 8Be
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Multipass Regenerative BBU

From injector




Multipass Regenerative BBU

From injector To beam dump




Multipass Regenerative BBU
~

Dipole magnetic field gives the
beam transverse momentum (p,)

v

®

From injector




Multipass Regenerative BBU

o~

Orbit matrix converts

p,toy=Myp,/p, \

From injector




Multipass Regenerative BBU

/'( ) SN
. _ Off-axis electric field decelerates the
Orbit matrix converts beam, adding energy to the cavity

p,toy=My,p,/p, \ / and increasing the dipole fields.

. =N

From injector




Multipass Regenerative BBU

/< “~

Off-axis electric field decelerates the
Orbit matrix converts beam, adding energy to the cavity
pytoy=Myp/ Pz / and increasing the dipole fields.

\

From mjector

4

Z/ I/beam
=r,L

b4
preshold (R, / Q)0 M, sin(w,T, ‘)\

cavity

recirculation time

With the same cavity as before, and assuming M, = 1 meter, the BBU
threshold is now only 1 na, a factor of 10 lower than single pass breakup.
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DECAY OF GIANT RESONANCES FOLLOWING EXCITATION

BY INELASTIC ELECTRON SCATTLERING *

J. R. CALARCO
High Energy Physics Laboratory
Stanford University, Stanford, CA 94305 USA

|oo-;:§§:6 -:flz.gsu P
OIPOLE FIELD sor ® i ¢
. {OUT OF PAGE) 60 4 3 P ' .
seedfacucTen Sveerme sof o b S Properties of Recirculated Beams
& VLI W AT
oof 5‘,2?.3:75° oo Passes 2 2 3 3 A 4
8O : F
« % '
L IRTAN NS Energy (MeV) 80 116 117 175 166 232
8 ol N
W DV AR Duty Factor (%) 75 20 75 20 45 20
PARTICLE w:22.93 % w=24.5
TELESCOPE . 100F 5 <0.95 { [ =099  p
aof i ° Average Current(pA) 50 20 20 13 9 5
pvETA, 60} b P ‘+ L . ?-4+ —4
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= s e B -
€0 em . Fig. 3. Typical proton spectra for vari-

. 12 . ous values of w through the regionof the
Fig. 1. Chamber geometry for the "“C(e,e'P)  gpp with Aw=150keV; the GDR peak is near
experiment. The first counter in the tele- ©=22.9 MeV. The parameter n is the rela-

scope is 50 um thick, the rest-are 150 um. tive efficiency of the e' counters.

J. R. Calarco, Proc. 1980 RCNP International Symposium on
Highly Excited States in Nuclear Reactions, Osaka University,
Osaka, Japan, Eds. Tkegami and Muraoka, p. 543, May, 1980;



The Free Electron Laser

HELICAL MAGNET

(3.2 cm PERIOD) 43 MeV BUNCHED
N cmmm—— -- ELECTRON

e OO0 =
zﬁ.zz';amj[— s Y

| 12.7m

RESONATOR
MIRROR

FIG. 1. Schematic diagram of the free-electron laser oscillator. - (For more details see Ref. 6.)

TABLE II. Electron beam characteristics.

Energy (Ref. 8) 43.5 MeV Single 4 ps bunch every
Width (full width at half-maximum): 0.05% 110 RF cycles

Average current 130 /.LA/

Peak current (Ref, 7) 2.6 A

Emittance (at 43.5 MeV): 0.06 mm mrad

Normalized = 5.2 mm mr

TABLE 1. Laser characteristics.

Laser characteristics Above threshold Below threshold
Wavelength (um) 3.417 3.407
Width (full width of half-maximum) ~0.008 0.031
Average Power (W) 0.36 1078
Peak power (Ref, 7) 7x10° 1074
Mirror transmission 1.5%

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

ABOVE
THRESHOLD
+0.7m;.4.
INSTRUMENT
WIDTH
| k
3417,
BELOW
THRESHOLD

1
34104

FIG. 2. Emission spectrum of the laser oscillator
above threshold (top) and of the spontaneous radiation
emitted by the electron beam (bottom).



First demonstration of same-cell energy recovery
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Appl. Phys. Lett. 52 (19), 9 May 1988
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Appl. Phys. Lett. 52 (19), 9 May 1988

First demonstration of same-cell energy recovery

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.

Pinc ~Fref

(a)

0

)
TIME (ms)

Nucl. Instr. & Meth. in Physics Research,
A259, (1987) pp. 1-7 (North Holland)
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Appl. Phys. Lett. 52 (19), 9 May 1988

ACCELERATING /7 ,//
STRUCTURES |

FEL AND MULTI-COMPONENT WIGGLER

First demonstration of same-cell energy recovery

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.

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