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.A variety of measurements have been made on the 
oesm in the first tank of I.Ab1PI:. The results of these 
measurements arc compared to the expectecl results based 
on bca~r dynamics calculations. The properties investi- 
gated include the transverse admittance oi the linac, 
the transverse emittance of the injected and acceler- 
ated be.irn, momentum spectra as a function of tank ex- 
citation (field amplitude), and the performance of the 
sir,gle and double bunchcr systems. Some of- the tech- 
niques used in the measurements arc described. 

Introduction - 
The first portion of LAMPI: has been operated as 

an accelerator for 3 period of seven months. This pcr- 
tion includr)s the Cockroft-Walton voltsge source, the 
proton ion 53urce, the accelerating column, the low- 
energy beam transport system, the double hunc!ler sys- 
tem and the f-irst tank of the drift-tube linac. ‘The 
purpose of this initial operation was to perfect the 
performance of tllis critical portion of LiWPF, and to 
test the validity of the dynamics calculations used in 
the design of the linac. l l2 The performance of the ion 
source, accelerating colunn, and low-energy transport 
syste::l are descriSed in the proceedings of this? and 
recent 4 accelerator conferences. The performance of 
the double bt:ncher system and the first tank of the l-n- 
ac Ire described in this paper and in the 1 iterature. 5 

The first tank of L!Ul?I; is 11 ft long and car,- 
tains 31 driEt tubes. It accelerates the .75 I‘leV in- 
jected beam of protons to an encrg;,’ nf 5.39 Me\/. The 
system is designe.l for a peak current of 17 nA at n 
duty factor of 6(;, ].ielding an avcsrage beam current of 
1 m4. Tje tank requires an excitation of 300 kW to 
achieve the de5 ign field gradients, which increase 
linearly fro71 1 .6 ?I\c/m at the entrance end to 2.3 MV/m 
at the other end. Field measurements show the field 
distribution to be withir. 1.4’; 0:‘ design except for the 
end cell~.~ 

The low-ecergy transport system includes a 
unique double-buncher system, the purpose of which is 
to shape the 1ongi:udinal phase space of the beam so 
that a greater fraction of the beam is accepted by the 
accelerator.’ Both cavities operate at the fundamental 
frequency (201.25 \Iflz) of the drift-tube linac. They 
are located 7 and 1.5 m upstream from the linac tank. 
The first cavity requires only a few watts of excita- 
tion and acts as a pre-buncher for the second cavity,or 
main buncher, which requires approximately lh@ W of 
excitation. 

The main experimental gear consisted of emit- 
tance measuring hardware and a spectrometer magnet. 
The emittnncc hardware, which is described more fully in 

LAMPS data acquisition and control terminal (LIACT) . * 
This system can operate relays, drive stepping motors 
and acquire data through the terminal. The mini-cm+ 
puter can process the data and display it either on a 
storage oscilloscope (Tektronics 611) or on a teletype. 

Transverse .Admittance of the Linac __- 
The transverse admittance of tank 1 was mcas- 

ured experimentally by scanning the entrance of the 
tank with a pencil beam. ‘This beam was created 1)) 
forming two 30 mil square pinholes on the beam axis sep- 
arated by 1.8 m. The position and angle of the beam at 
the tank entrance here varied with two sets of steering 
magnets , and resulting current through the linac meas- 
ur ed . Experimental results are presented on the loft 
side of Fig. 1, representing the phase space admi ttancc 
transformed to the surface of the first quadrupole mag- 
net in the tank. Smooth contour lines have been drawn 
throlugh approximately 100 data points in eacl: plane. 
Position of the beam was measured to an accuracy of 115 
mils. The angular error is +15% because of uncertainty 
in the magnetic fields of the steering magrcts. Due to 
a low signal level, transmission currents were read to 
+lsc*, 

‘This experiment was simulated theoretically 
using the PARIll LA. bearr-dynamics program; ?csrllts arc 
shown on the right side of‘ Fig. 1. The presence of con- 
tour lines, rather than a hard-edged admittance, re- 
flects integration over the coupled longitudinal phase 
space, as well a~ the effect of finite beam size and di- 
vergence. These calc:~lations ass~~rne perfect lir.nc 
alignment. 

The shape and orientation of the m?asurcl and 
calculated atlmittancrs are then in excellent agreement. 
Thp area of the measured ndnittnnse is smaller than the 
arca of the calculated admittance in both planes. 
Studies on the effects of quadrupole misalignments siiio!i 
that random 5 mil quadrupolc misalignments reduce the 
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a later section, was used to measure transverse emittance, 
form slits anil pinholes, and in general, to tune the 
low-energy transport system. 

Located downstream from tank 1 was a 180” 
double-focusing spectrometer of high resolution. It 
was used to discriminate against lo\<-energy tails in 
measuring transmission and to measure the energ:,’ 
spectrum. 

blast of the mcasurcments reported here were 
made with the aid of a small digital computer (Data 
General’s hQ\‘.A) interfaced with a prototype of the 
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*Work performed under the auspices of the LJ. S. Atomic 
Energy Commission. Fig. 1 Linac admittance, measured and calculated. 
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transverse admittance of the first tank by 30 - 50%. 
The difference must reflect an actual reduction of the 
linac admittance as a result of random quadrupole mis- 
alignments on the order of 5 mils in magnitude. 

This measurement is particularly interesting 
since it provides a measurement of the transverse prop- 
erties of the tank itself, independent of the trans- 
verse properties of the available beam. It will be 
repeated periodically in an effort to detect changes in 
the quadrupole alignment or excitation. 

Transverse Emittance of the Beam - 

‘Three sets of hardware for measuring the trans- 
vcrsc emittance of the beam in both the horizontal and 
vertical planes were installed along the beam line. 
One set was installed near the ion source and the other 
two sets were installed near the entrance and exit of 
the tank. Each set consisted of four jaws and two col- 
lector strip assemblies mounted on separate li.near ac- 
tuators. Two jaws set to form a slit and one collector 
assembly are used for the emittance measurement in 
each plane. The strip electrodes on the collector 
assembly and the slit are normal to the plane of in- 
tcrest. The collector assembly has 38 strip electrodes 
spaced 20 mils ceni, r-to-center, and is located about 
1 m downstream from the slit. 

During the measurement, the mini-computer 
drives the jaws and collectors through the beam in 100 
steps of 10 mils each. After each step, the signals 
fron the 38 strip electrodes are collected, and proces- 
sed to reveal the angular properties of the beam at 
that position of the slit. 

Displays created from these data are shown 
in Figs. 2 to 5. The transverse phase space is shown 
in an isometric projection at the bottom of the dis- 
play, with the transverse coordinate horizontal and the 
transvt‘rse angular coordinate at 43”. The portions of 
the transverse phase space occupied by beam are shown 
in the apparent third dimension. 

The upper left-hand part of the display is the 
normal two-dimensional view of the transverse phase 
space, where the shaded area corresponds to region of 
phase space in which the beam density is greater than 
a given threshold. Tucked into the left-hand corner of 
this graph is the emittance distribution graph. It 
gives the percentage of the beam current (0 - 100%) 
lying outside a given intensity contour line as a func- 
tion of the phase space area (10 JJ cm mrad at center of 
Fig.) within this contour line. The upper right-hand 

part of the display consists of two hem prcfi lc curves. 

Properties of Beam Into Linac 
The transverse properties of the heam normally 

used for injection into the linac with bunchcrs off are 
shown in Figs. 2 and 3. The total emittance reportecl 
on these measurements is 2.7 ‘iJ cm mrnd in the horizon- 
tal plane and 3.1 TI cm mrad in the vertical plane. Th c 
cmittance distribution graphs on these figures indicate 
that 90% of the beam lies within 1 .4 or cm mrad and 1 .h 
or cm mrad respectively. 

Similar sets of measurements indicate that ex- 
citation of the bunchers increases the transverse cmit- 
tance to 2.9 Ti cm mrad and 3.5 71 cm mrad respectively, 
representing an average increase of about 10”~ for the 
two planes. 

‘The transport system is designed to transport 
the beam from the ion source to the linac, preserving 
circular symmetry in the long drift spaces, producing 
double waists at certain locations such as the huccher 
cavities, and delivering a beam that is “matched” to 
the 1 innc Quadrupole excitations in the transport 
system corresponding to minimum beam loss differ& 
significantly from the design excitations. Conse- 
quent ly, the phase space orientation of the beam at the 
emittance measurement near the entrance to the linac 
also differed significantly from that of the design 
beam. Efforts to achieve the design orientation of the 
beam at the location of the emittance measurement were 
unsuccessful, 

There are four quadrupcle lenses between the 
location of the emittance ncasurenent and the entrance 
to the linac. Using the phase space orientations shown 

in Figs. 2 and 3 as input to the P.AK?1IW program, runs 
were made to find a set of excitations for the four 
lenses that would match the existing beam to linac. No 
solution was found The closest approach, however, 
gave excitations in excellent agreement with those oh- 
tained empirically in optimizing transmission through 
the tank. Subsequent operation was with the calculated 
excitations corresponding to the closest .;I>nronch to the 
matched condition. Dynamics calculations reveal that 
the failure to match the beam to the linac resulted in 
peak transverse oscillations that were 30% larger than 
present in the matched beam. 

Properties of Beam Out of Linac .__--__ 
The transverse properties of the ~L::UII nor11a1 I>- 

emerging from the linac with hunchers off are shoun in 
Figs. 4 and 5. The total cmittan~c reported on thcsc 

Fig. 2 Horizontal emittance at tank 1 entrance. Fig. 3 Vertical emittance at tank 1 entrance. 
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measurements is .9 x cm mrad in the horizontal plane 
and 1 .O n cm inrail in the vertical plane. These values 
arc quite consistent with the ernittance of the injected 
beam divided by the adiabatic damping factor of 2.7, 

li‘ it is true that none of the injected beam 
within the longitudinal acceptance of the linac is lost 
radially, there is no evidence of growth in the effec- 
tive mittarlce of the beam as a result of acceleration. 
If, on the other hand, 10% of the injected beam was 
lost radially, the indicated emittance growth factor 
could tie as high as 1.7. Transmission measurements re- 
ported below suggest that little or none of the injec- 
ted beam within the longitudinal acceptance of the 
linac is lost radially, which, in turn, implies that 
the emittdnce growth f.actor resuIting from accelera- 
tion to 5 McV is close to unity. 

I)ue to the short length of the linac tank, 
some of the beam, destined to be lost, emerges from 
the tank as a lot<-energy component. Evidence of a 
different component of the bea can be seen in Figs. 4 
and 5. Experiments with steering magnets confirm this 
component to be lower in energy to the main component 
of the hcam. 

Fig. 4 Horizontal emittance at tank 1 exit. 

Fig, 5 Vertical emittance at tank 1 exit. 

Transmission Measurements 

The transmission of tank 1 was ohservcd over 
the entire running period as a prime measure of per- 
formance. Transmission is defined here to be the rat 
of accelerated current to the current injected into t 
tank. 

io 
he 

‘Transmission vs Tank Excitation 
Figure 6 gives the measured and calculated 

transmissions for unbunched, single bunched, and double 
bunched beams as a function of tank excitation. The 
entire transverse emittance of the beam was used !‘or 
these measurements. The error bars on the data indicate 
errors in the measurement of the current into the tank. 
The accelerated current was read on a copper plate in 
the focal plane of the spectrometer. The plate was 
biased with +70 V, and the bias curve was flat beyond 
+30 v. 

Since no absolute measure of tank field was 
mn d e , the transmission curves serve as a way of deter- 
mining the design excitation. The data are plotted so 
as to make the theoretical and experimental thresholds 
with no bunchers coincide. Relative tank amplitudes 
are known to .25% using the signals from S loops in the 
tank into calihratcd crystals whose outputs are read on 
it calibrated 0siilIoscopc. ‘1 his convention estab1 i sh(.- 
the design tank excitation. 3ther conventions :lrLl prs- 
sible as can be seen in the next section. 

‘Transmission Using Both Hunchers 
In this experiment, the phase of the main 

bunclrer was first determined by ireasuring the transmis- 
sion of the beam throligh the spectrometer with the pr”- 
bunchcr off I Since the experimental curves agreed 
closely with calculations, this curve was used to set 
the main buncher at its design phase. The pre-hunchcr 
was then phased to maximize transmission. The two 
bunchers were then driven together in phase to produce 
the plot on the left in Fig. 7. The phase scale on the 
data is positioned roughly to match the calculation. 
The width of the scale is known accurately from trom- 
bone lengths. The maximum transmission was SOS. +S”,, 

in the corresponding theoretical calc,Jlation, 
particles were considered transmittrd if above 5 Ye\’ in 
energy. Results of the calculation arc shown on the 
right in Fig. 7. The use of measured tank fields6 in 
the calculation was found to be a significant factor in 
achieving this agreement bctwcen theory and experiment. 
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Fig. 7 Transmission as function of buncher phase and 
tank excitation, measured and calculated. 

Momentum Spectra 
lleasurement of the momentum spectrum of the 

beam as a function of tank excitation offers some of 
the most detailed information available on the behavior 
of the longitudinal phase space. The results of the 
measurements of the spectra for unbunched, single 
bunched, and double bunched beams are compared with the 
results of computer calculations. 

Experimental Details 
The 180” double-focusing spectrometer was lo- 

cated 1.7 m from the end of the tank. ,2 quadrupole 
doublet located midway between the tank and the spec- 
trometer contained the beam sufficiently so that the 
entire transverse phase space of the accelerated beam 
was accepted by the spectrometer and reached the focal 
plane. The complete spectrum is taken on one beam pulse 
using an array of 38 collecting strips on the focal 
plane connected to 38 sample and hold circuits which 
store the data. 

The dispersion of the spectrometer is 1.9 cm 
per percent in Ap/p. The resolution of the array of 
3 mm wide strips in the focal plane is Ap/p = .16%. 
The resolution of the spectrometer with the beam spot 
size used is Ap/p = . 1%. The data were taken with a 
60 mil square pinhole before the tank,. resulting in a 
small enough spot size in the dispersion plane of the 
spectrometer so that no slits were required after the 
tank. 

Data Collection 
Figure 8 is an isometric plot which contains 

a complete survey of momentum information with bunchers 
off. Each horizontal trace is the momentum spectrum 
for a different tank excitation. The tank excitation 
scale is based on the previous section. One-hundred- 
fifty spectra make up the plot. Successive runs of the 
same plot are almost indistinguishable. The line at 
the left of the isometric plot is the integrated cur- 
rent at each RF level. It shows the proper increase of 
total transmission with increasing tank field. 

Calibrations 
The energy scale was established by calibrating 

the spectrometer with the .75 MeV test beam that was 
drifted through the tank with RF off. The .75 MeV beam 
energy was found with a voltage divider. Measurements 
on the voltage divider resistors for the Cockroft- 
Walton give an error of about 2150 V on the proton 
energy. The uncertainty in reading the high voltage 
drop due to beam loading is about ?200 V. Aside from 
unknown systematics, the injector energy is known to 
k.O4% 

The momentum corresponding to another spec- 
trometer current is deduced by scaling the results of 
the .75 MeV runs. The uncertainty in determining which 
wire corresponds to design momentum at the current used 

for all runs is about _+l wire or 2.3% in energy. 

The dispersion was measured at the focal plane 
with both the .75 MeV beam and the 5 MeV beam. It has 
a small linear dependence on the position at the focal 
plane. The error in the dispersion at any place on 
the focal plane is +5%. Consequently , energy wiclths 
are known to 5%. 

Comparison of Measurements and Calculations 
Figure 9 shows a theoretical result to be con- 

pared with the data ln Fig. 8. The calculation was 
done for an axial unbunched beam without space-charge 
effects. Other calculations done at design RF level 
have shown that the spectrum of the entire transmitted 
beam is independent of injection position and angle. 
The momentum data in Fig. 8 is for the entire transmit- 
ted beam. 

Comparison of Tank Excitation and Energy Scales. 
Above 94% excitation, data and calculation (Figs. S and 
9) are similar except for systematic scale shifts. 

The distinct features in the data appear 1% 
higher in field than the same features in the calcu- 
lations. Sliding the tank excitation scale on the data 
brings all of the main features above 94% on Figs. 8 
and 9 into coincidence. This method of fixing the ex- 
citation scale is an alternative to sliding the scales 
to match at threshold. The two results differ by l%, 
thus leading to a 1% uncertainty in the determination 
of the design excitation. 

The measured beam energy for excitations above 
94% is 1.1% higher than the calculated value. An upper 
limit on the energy oscillation in the data as tank ex- 
citation increases is estimated to be .5% for the re- 
gion above 94%. Therefore, a maximum of one-half of 
the 1.1% energy discrepancy could be attributed tc a 
phase oscillation. The effect is in the direction that 

would be caused by saturation. However, the field in 
the spectrometer is only 8 kc, and measurement of the 
field integrals was not attempted. The required accu- 
racy would be better than .5% to see a 1% energy error. 

Comparison of the Shapes of the Spectra. Aside 
from the above-mentioned scale shifts, there is remark- 
able similarity between data and calculations above 94%. 
It is not known why the computer does not produce the 
observations below 93%. With near certainty, the tail- 
ing off of beam energy below 94% tank fields is not 
instrumental. 

Energy widths measured from single spectra at 
several tank excitations all appear wider than the com- 
puted spectra by roughly 5 - 10%. Accuracy is limited 
by the coarseness of the collecting grid. This shift 
is at the limit of energy width uncertainty, which was 
?5%, and therefore cannot be claimed to be real. 

The spectrum vs excitation plots for the single 
buncher (Figs. 10 and 11) and double buncher (Figs. 12 
and 13) give equally interesting comparisons. In the 
case of the double buncher, the very steep ridge be- 

tween 95% and 101% field is evident in data and theory. 
Pre-buncher field amplitudes 25% on either side of the 
field for Fig. 13 caused the ridge to selmrate into tuo 
distinct peaks. 

The sensitivity of the shape of the momentum 
spectrum to various parts of the calculation has not 
been investigated. The agreement for no bunchers above 
94% excitation is so good that we assert that the lon- 
gitudinal phase space calculation is valid and independ- 
ently that the linac is performing as designed. If 
agreement were less than perfect, one would not know 
whether to attribute the discrepancy to failure in the 
dynamics calculation or failure of the accelerator to 
reproduce the design model. 

Correlation of Output Energy With Transverse Coordinate 
A particularily troublesome aspect of the mo- 

memtum measurement, until it was understood, was the 
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presence of a strong correlation between the momentum 
spectrum and the output transverse coordinate. As 
noted above, transverse oscillations within the linac 
do not have much effect on the energy spectra of the 
entire accelerated beam, but they can produce the ob- 
served energy-spatial correlations. When a beam is 
injected with a transverse oscillation, coupling to the 
longitudinal dynamics will make the position and angle 
of The emerging beam depend on the phase at which it 
entered the linac. Since the output energy is directly 
dependent on the entrance phase, there results a strong 
correlation between the energy spectrum and the output 
transverse coordinate when the beam has a significant 
transverse oscillation in the early part of the linac. 

Horizontal and vertical slits were formed at 
the exit of the linac and the spectrum was measured as 
a function of slit position. The correlation was most 
pronounced in the vertical plane. The PARMILA dynamics 
program was arranged to produce the energy spectrum as 
a function of “slit position” for different “injected” 
transverse oscillations. The correlation calculated 
for a beam injected with no displacement and a +lO mrad 
angular error in the vertical plane is in remarkable 
agreement with the data. 

Acknowledgments 

The operation and measurements reported here 
were the result of a superb effort on the part of n 
large number of the people in the Meson Physics 
Division. The Operations Section, set up during the 
effort, performed smoothly and efficiently . Without 
their help, these measurements could not have been 
completed. Thanks go to Bill Shlaer for the able 
assistance he gave during the last two months of the 
run. Ralph Stevens, Ken Crandall and Dick Tregcllas 
were particularly generous with their time and talents. 
The expertise of Bob ,lameson, Ed Schneider, Don blachen. 
Ross Faulkner, Jack Hardwick and Paul Allison are 
highly valued. The repeated help of fiarold Lederer, 
Joe Ortega, Leonard Scott and Toni Lopez is gratefully 
acknowledged. Morris Engelke and his staff of monitors 
were most cooperative. The authors are indebted to 
many for the priviledge of publishing these results. 

E - Edesign (MEV) E-Edesim (MEV) E- ~destgn (MEVI 

Fig. 8 Measured momentum spectra, Fig. 10 Measured momentum spectra, Fig. 12 Yeasured momentum spectra, 
bunchers off. single bunched. double bunched. 

E - E destgn (MEL’) 

Fig. 9 Calculated momentum spectra, Fig. 11 Calculated momentum spectra, Fig. 13 Calculated moznentum spectra, 
bunchers off. single bunched. double bunched. 
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