
I 

ANL-HEP-CP-98-26 

MAY 1 8 1998 


• FtfJ.Ft«eastrements of the Argonne Wakefield 
Accelerator's Low Charge, 4 MeV RF 

Photocathode Witness Beam 
i 

* 
1. Power, E. Chojnacki, M. Conde, W. Gai, R. Konecny, 

P. Schoessow, I.Simpson 

Argonne National Laboratpry 
9700 S. Cass Ave Argonne I~ 60439 

*Nuclear Science. Cornell 
Ithaca. NY 14853 

ABSTRACT 

The Argonne Wakefield Accelerator's (~WA) witness RF photocath­
ode gun produced its flISt electron beam in Apnl of 1996. We have charac­
terized the charge, energy, emittance and bunc~ length of the witness beam 
over the last several months. The emittance ~as measured by both a quad 
scan that titted for space charge using an in h~use developed Mathematica 
routine and a pepper pot technique. The bunch! length was measured by im­
aging Cherenkov light from a quartz plate to ~ Hamamatsu streak camera 
with 2 psec resolution. A beam energy of 3.9 MeV was measured with a 6 
inch round pole spectrometer while a beam ch4cge was measured with both 
an rCT and a Faraday Cup. Although the gun will nonnally be run at tOO pC 
it has produced charges from 10 pC to 4 nCo All results of the measurements 
to date are presented here. 

I. INTRODUCTION 

The central purpose of the AWA [schoesiow, 95] is to study high gradi­
ent acceleration schemes in dielectric structure [Rosing, 90] and in plasmas 
[Barov, 95]. An extremely high charge (100 n ,) and relatively short electron 
bunch (FWHM less than 50 ps) is necessary to iproduce gradients that surpass 
today's conventional gradients. This high chargel bunch is called the drive beam 
[Ho, 92]. Once the high gradient electromagnetJc wave is excited in the struc­
ture9 a low charge (100 pC) electron bunch is injected into the structure to wit­
ness the fields. This low charge bunch is called the witness beam [Power. 95]. 

In this paper the results of the characterization of the witness beam are 
presented. The characterization done here includes measurements of charge, en­
ergy, bunch length. and emittance. 
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ll. AWAFACILITY 

The A W A employs two RF photocathode guns to crea~ the drive and 
witness beams. A schematic diagram of the A W A facility is gi~en in Figure 1 
showing the drive and witness beam photocathode gun. A complete facility dis­
cussion can be found in the reference [Schoessow, 95]. 

\ 

The drive and witness beams are individually steered aJ\ld focused into 
the test section (Figure 1) where either a dielectric tube or plas~a cell resides. 
The laser pulse enters the vacuum system through a UV quality \quartz window 
and is reflected toward the PC gun by internally mounted UV IPirrors situated 
off-axis. The drive beam exits the gun at an energy of about 2 Me V and is im­
mediately injected into the drive linac preaccelerator [Chojnacki,\93] where it is 
further accelerated to 16 MeV. A 4 MeV beam is ejected. out of the witness gun 
into an achromatic and isochronous transport line. The two beamf are combined 
by a bending magnet from which they emerge collinearly for pIiopagation into 
the test section. Finall y, the drive beam is directed into a beam \ dump and the 
energy of the witness beam is resolved in a spectrometer immedi4tely following 
the test section. ! 

m. BEAM GOALS 
i 

Witness beam parameters were chosen by considering wha~ type of beam 
would make the best probe for wakefield measurements. A com~lete beam pa­
rameter set~ which includes the charge, energy, emittance, bunch l~ngth, and en­
ergy spread of the witness beam is briefly discussed here. A morel thorough dis­
cussion of this procedure is given in the reference [power, 96]. I 

The witness beam energy of 4 MeV was chosen for two reaSons. First, an 
energy near 4 MeV is easy to resolve in the spectrometer since it\ is well sepa­
rated from the 16 MeV drive beam. Second, the beam has ~ =.9~4 which has 
relatively little phase slippage compared to the drive beam' s ~ = .9995. 

I 
In general., a good probe should not significantly change the parameter 

being measure~ while still being easy to observe. A charge of lOP pC is suffi­
ciently low so as not to significantly perturb the wakefield being measured while 
still being easy to observe on the phosphor screen beyond the spectt\ometer. 

The_ emittance need only be small enough to allow the beatil to transport 
from the gun to the test section with most of the charge out of t~e gun. The 
other consideration is that the beam transport through the same tes~ section that 
the drive beam passes through. Since the drive beam has a no~d rms 
emittance of 400 mm mrad there is very little need to keep the be~ emittance 
low. An emittance on the order of 1 mm mrad is more than adeq~.
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We would like the bunch length of the test charge to be m~ch less than 
the wavelength of the excited wakefield. At the speed of light a 1.0 mm bunch 
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spans 3.3 ps of the RF wave which for a 10 GHz wave is 12 degrees of its RF 
cycle. This is about the shortest bunch that can be easily produced from our RF 
photocathode gun at 100 pC, and we must target for this number. The reason we 
are able to tolerate this long bunch (12j is that we are interested primarily in 
measuring the peak gradient of the RF wave which can be measured by studying 
the witness beam centroid. 

Wakefield measurements are taken by measuring a change in energy of 
the witness beam as described in Chapter 7. At flISt thought, this would seem to 
imply that the resolution of the wakefield measurement is determined by the en­
ergy spread of the witness bunch. However, this is not strictly true since the 
wakefield measurement depends on the beam energy centroid, which can be de­
termined much more accurately than the full energy distribution of the bunch. 
Thus energy spread is not a primary limitation. Under 1% rms is adequate. 

IV. GUN DESIGN 

The AWA witness gun chosen was a six cell,1tI2 mode, iris-loaded, RF 
photocathode gun. The gun can be described as a copper cylinder with six cop­
per washers placed inside along its axis. Figure 2 is a side view of the cavity 
showing the five full cells surrounded by the two half cells. In the left most half­
cell (the upstream half-cell) is an extractable photocathode plug where the laser 
strikes to produce photoelectrons. In the right-most half cell (the downstream 
half cell) is the hole that allows the laser beam to enter and electrons to exit. 

Photocathode Beam 
Plug Exit 

1 

Figure 2. The Witness Gun for the AWA. A Side View of the Entire Gun. The Plug 
at the Beginning and the Exit Hole at the End of the Cavity. 

PARMELA simulations showed [power, 95] that this rc/2 gun meets the 
design requirements outlined above. For 3.8 MW of RF power the witness gun 
produces a 4 MeV, 100 pC beam with a FW energy spread of 0.75% and an 
emittance of 1.9 mm mrad. 

V. :MEASURE:MENTS 

The charge is measured immediately after the witness gun (see Figure 1) 
with an integrating current transformer (lCT) from Bergoz. The ICT is an on­
line, non-destructive current monitor that integrates the total charge passing 
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through its center, with a rise time of about 10 os. Since we are operating at 30 
Hz. we can use the reT as a single shot charge monitor with a fast digitizing 
scope to integrate the area under the voltage curve. Th~ ICT was calibrated with 
a Wavetek function generator and was found to produce a peak output voltage 
signal of 72 m V InC. The witness beam charge has beFn measured over a range 
of 10 pC to 4 nCo : 

The energy and energy spread measurements w~re made with a magnetic 
spectrometer at the end of the beam line as shown in F,gure 3. The spectrometer 
is a D =6 inch diameter, round-dipole magnet and vaCuum chamber with ports 
located at the 90 =60u and 90 =0° (the undeflected posiFon). Energy 

Figure 3. The Energy Spectrometer Following the Test S~on Used to Measure 
Energy and Energy Spread I 
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measurements are taken by bending the beam thro*gh an angle, 90 , with a 
known magnetic field, B, and calculating the momentUm according to 

6l:deg)=L71( BL[G.m\ ) (1) 
p[MeV / f] 

where B is the magnetic field strength, p is the momeftum, and L is the effective 
length of the dipole. (An effective length must be used here since the magnetic 
field does not drop to zero at the pole edge.) The effective length for the eo = 
60° port is 17.0 cm. The witness beam was centered' on the 60° port for a mag-
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netic field, B =895 Gauss; corresponding to a momentum, p =3.81 MeV/c and a 
kinetic energy, T =3 .85 MeV. 

The energy spread is best measured in a region of high dispersion. In the 
case of the witness beam a spot size measurement is made on the focal plane, 
shown in Figure 3 where the beam width is indicated by ax in the figure. The 
dispersion function, D, and its derivative, D', increase in a dipole according to 
[Wiedemann, 93] 

D(S)=Po(l-COS;J (2) 

D'(s) = sin.!.. (3) 
Po 

where s is the path length and Po is the bending radius. Outside the dipole, the 
dispersion grows according to the formula 

D(s) = D(s = 0)+ D'(s =O)&- (4) 

The bending radius of the dipole at the 6011 port is calculated to be p = 13.1 cm 
and the distance from the pole edge to the focal plane is 120 cm. Using Equa­
tions 2-4 we find the dispersion to be 60 cm at the focal plane. 

In the case of the energy spread measurement for the witness beam we 
can only give a highly overestimated upper limit. This is because we have vio­
lated the requirement that the betatron term is negligible compared to the dis­
persion term. The betatron function is normally made small at the focal plane by 
placing a horizontally focusing quad directly in front of the spectrometer and 
then focusing the beam to a minimum (i.e. small ~x), so that the width that re­
mains is due to the energy spread. not the emittance. At the time the measure­
ments were taken, there was no quad in front of the spectrometer. In our case we 
measured a spot size of ax = 1.0 cm which gives an upper limit to the energy 
spread, 8 < 1.6%. 

The emittance was measured by a quad scan technique with a screen in a 
diagnostic chamber beyond the bend magnet at the top of Figure 1 and by vary­
ing the first quad after the witness gun in Figure 1. A new quad scan technique 
[Power. 96b] is used that includes space charge. 

The envelope of a round beam, r = R (the maximum r value of a particle 
in the bunch) is a surface that surrounds the all the particles in the beam in the 
transverse direction. The beam envelope [Reiser, 94] evolves along the s axis 
according to 



R"( ) &- K 
s = R3(S) + R(s) (5) 

I 
where the derivative is taken with respect to s, and K is the perveanjCe [Lawson, 
88] in vacuum I 

K=.£~ (6) 
10 tJy 

where I is the beam current and 1" is the Alfven current equal to 17~. As op­
posed to most quad scans, we keep the space charge term. in Equati?n 5 for out 
fit of the data.. The resulting fit involves a non-linear least squar1s fit and is 
done with a Mathematica routine written by this author. The normhlized emit­
tance measured by this new quad scan technique is 3.4 mm mrad. ~e geometri­
cal emittance is 3.4/~'Y =0.41 mm mrad as shown in Figure 4 (where, ~'Y is equal 
to 8.6). I: 
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Figure 4. Quad Scan for the Witness Beam i 

The bunch length is measured by sending the witness beam \through a 
piece of quartz plate and imaging the subsequent Cherenkov light int, a Hama­
matsu streak camera. I 

The light from the quanz plate is imaged onto the entrance ~lit of the 
streak camera set to a slit width 25 J.1lD.. Using the fastest sweep ~te on the 
streak. camera we have a measured resolution of 3 ps. I 

A streak: camera measurement of the witness beam is shown in Figure S. For this 
I 

measurement, the FWHM bunch length is 10 ps. I 
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Figure 5. Streak Camera Image of the Witness Beam. !lZ = 10 ps FWHM 

VI. CONCLUSIONS 

The end result of this work is a functioning, wakefield measurement sys­
tem. This system has been used to measure the fIrSt wakefields produced at the 
A W A with these early measurements at 7 MV 1m. The wakefield measurement 
system consists of a 6 cell, 7tl2, RF photocathode gun, transport lines to deliver 
both the drive and witness beams to the test section. and a synchronization sys­
tem responsible for the timing between the drive and witness beams. 

The RF photocathode gun used to generate the witness beam has pro­
duced an electron beam with an energy of 4 Me V, a charge of 100 pC, a nonnal­
ized transverse emittance of 3.4 1t mm mrad~ and a FWHM bunch length of 10 
ps. The beam was characterized using a spectrometer for energy, an integrating 
current transformer for charge, a new quad scan technique for emittance, and a 
streak camera for bunch length. The beam. characterization is found to agree 
well with the predictions of the P ARMELA simulations. 
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