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Abstract

Knowing the electron beam parameters at the exit of an accelerator is critical for 
several reasons. Foremost is to optimize the application of the beam, which is flash 
radiography in the case of the FXR accelerator. The beam parameters not only determine 
the theoretical dose, x-ray spectrum, and radiograph resolution (spot size), they are 
required to calculate the final transport magnetic fields that focus the beam on the 
bremsstrahlung converter to achieve the theoretical limits. Equally important is the 
comparison of beam parameters to the design specifications. This comparison indicates 
the “health” of the accelerator, warning the operator when systems are deteriorating or 
failing.

For an accelerator of the size and complexity of FXR, a large suite of diagnostics is 
normally employed to measure and/or infer beam parameters. These diagnostics are 
distributed throughout the accelerator and can require a large number of “shots” 
(measurements) to calculate a specific beam parameter. The OTR Emittance Diagnostic, 
however, has the potential to measure all but one of the beam parameters simultaneous at 
a specific location. Using measurements from a scan of a few shots, this final parameter 
can also be determined. Since first deployment, the OTR Emittance Diagnostic has been 
limited to measuring only one of the seven desired parameters, the beam’s divergence. 
This report describes recent upgrades to the diagnostic that permit full realization of its 
potential.

Introduction 

The objective of the FXR Optimization Project is to generate an x-ray pulse with peak 
energy of 19 MeV, spot-size of 1.5 mm, dose of 500 rad, and duration of 60 ns. To 
achieve this small spot-size while maintaining the dose, i.e. without the use of an x-ray 
collimator, the emittance of the electron beam must be minimized and the final beam 
transport optimized. Diagnostics that can determine the various beam parameters at the 
exit of the accelerator are obviously needed both to achieve the smallest x-ray spot 
possible with the existing beam and to determine if the beam quality is changing.

The principle diagnostics for measuring beam parameters have been voltage 
monitors, resistive wall current monitors (beam bugs), and an intercepting foil inserted 
into the drift section of FXR. Imaging the light created as the beam passes through the 
foil allows the current density to be determined from which the radius of the beam is then 
calculated. Observing the change in radius as upstream transport magnets are varied, and 
knowing the beam energy and current, allows the beam parameters to be estimated 
including the emittance. A more direct measurement of the emittance is possible by 
imaging the Optical Transition Radiation (OTR) angular intensity distribution from the 
intercepting foil. A diagnostic, referred to as the OTR Emittance Diagnostic, for 
performing this measurement has been developed and deployed at FXRi,ii. The diagnostic 
has been successful at determining an upper limit on the emittance, but has not been 
utilized to its full potential.

Low signal to noise ratios, inability to simultaneously acquire current density and 
OTR angular distributions, and unknown “waist” conditions have limited the full 
capability of the diagnostic. This report describes recent upgrades to the existing 
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emittance diagnostic system. Sufficient detail is provided to allow repairs, replacement, 
and/or upgrades to be made. The improvements allow the diagnostic to be used real time 
for measuring all beam parameters including the emittance as adjustments are being 
performed to the acceleratoriii.

Optical Package 

The previous optics design placed a thin, frosted quartz disc at the focal plane of a
pair of achromat lenses such that parallel light rays were focused to a point on the disc. A 
commercial Nikon 35 mm lens was then used to focus the disc image onto a fiber optic 
bundle that coupled the image onto the camera. The primary issue with this design was 
lost of light leading to low intensity and signal to noise ratio at the camera. It was realized 
that significant improvement in the image intensity at the camera could be gained if the 
OTR angular distribution was imaged directly onto the fiber bundle. In addition, the 
previous design was housed in a meter long lens holder fabricated from Delrin®. There 
was a desire to package the lens system in a more compact and rigid housing to improve 
alignment. To ease the constraints on the new optical design, the full angular field of 
view was reduced from ±12 degrees to ±6 degrees. The smaller field of view does not 
impact the accuracy and has the advantage of improving the angular resolution of the 
OTR light distribution. 

The new optics design is shown in Figure 1. The general design specifications for the 
new optical system were:

Wavelength: 450nm–600nm (visible light range)
Full field of view: ±6 degrees (±4/γ)
Fiber bundle size: 14mm x 14mm (active area at focal plane)
Resolution across field: 70 micron diameter
Maximum beam spot on foil: 20mm diameter (beam edge radius = 1 cm)

Figure 1. Optics system showing ray traces for 0 to 6 degrees originating at foil.

The lenses used in the new design are:
L1: Linos #322316 achromat (EFL = 500mm, diameter = 100mm) from original design
L2: Linos #322316 achromat (EFL = 500mm, diameter = 100mm) from original design
L3: Linos #322267 achromat (EFL = 160mm, diameter = 80mm)
L4: Newport #KPX178AR.14 singlet (EFL = 500mm, diameter = 100mm)
L5: Custom SF11 (EFL = -12.8mm, diameter = 14.7mm) refer to Appendix A

L1 L2
L3

L4 L5
 

Foil

20 cm

13 cm

Focal 
Plane



- 5 -

A “spot” diagram showing the calculated focus of different light wavelengths for 
various angles/offsets is provided in Appendix B. Some improvement in spot size could 
be made with the use of filters, but all wavelengths were within the design specification 
of 70 microns. A photograph of the assembled lens array positioned on the alignment 
table is shown in Figure 2. A mechanical assembly drawing of the lens holder is given in 
Appendix C.

Figure 2. Photograph of the OTR Optics package on the calibration bench.

Foil, Cameras, and Fiber Bundle 

The OTR angular distribution is used with the current distribution, specifically the 
beam radius, to determine the emittance. In addition to the change in the OTR optical 
package, the beam intercepting foil was modified to allow imaging from both front and 
back surfaces. The foil is a 15 mil thick, 4.375 inch diameter, quartz disc polished on one 
sideiv. Reference 2 provides an analysis of damage threshold as a function of minimum 
beam diameter for several foil materials. A 1,200 Å aluminum layer is vapor deposited on 
the polished side. This surface is used for imaging the OTR angular distribution. On the 
opposite (nonpolished or ground) side of the foil, a fast scintillator phosphor (ZnO:Ga, 2 
ns decay time) layer was applied with a sprayer to a depth of about 10 mils. This side of 
the foil was imaged with a commercial Nikon 60 mm lens that focuses the beam image 
onto a fiber optic bundle. The nonpolished foil surface has a ground finish of 64 micro 
inches and the thinness of the quartz makes it difficult to increase the surface roughness. 
Attempts to image the scattered Cherenkov light from the foil surface with no phosphor 
produced a low intensity signal. OTR light exiting the foil is in the direction of the beam 
and is not scattered. The phosphor has proven to be mechanically as robust as the 

Lens 
Assembly

Fiber Bundle 
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the camera
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aluminum on the front surface and yields a much more intense light in the direction of the 
optics.

Fiber bundles were used to transfer the light from the back of the optical packages to 
the respective cameras. The bundles are comprised of 60-micron square multifibers using 
6X6 arrays of 36 10-micron fibers (pixels). The active area is 14 mm by 14 mm with a 
numerical aperture (NA) of 0.63. Full specifications for the fiber bundle as well as 
assembly drawings are given in Appendix D.

The images are recorded with Princeton Instruments PI-MAX gated, intensified CCD 
cameras. For calibration purposes the camera is gated between a few 100 microseconds to 
a few milliseconds. During operations when imaging beam signals, the camera is gated at 
2 ns. The cameras systems are located in electromagnetically shielded cases including 
approximately 4 inches of lead when used in the FXR accelerator hall. Gamma radiation 
produced from beam electrons striking the interior of the accelerator beam line produce 
noise spikes (starring or speckles) in the individual CCD elements. Additional, localized 
lead shielding reduces this noise.

Calibrations 

Two different calibrations were performed. First was the measurement of pixel 
location with respect to ray angle. Figure 3 shows a schematic of the equipment layout 
for performing this calibration. A HeNe laser beam was reflected off a mirror into the 
OTR Optics Package to represent light from the center of the foil. By adjusting the angle 
of the mirror, we could simulate the beam induced OTR light leaving the foil at different 
angles. Results of this calibration are shown in Figure 4. Measurements were recorded for 
0.25° increments from -3° to +3° about the nominal 45° (0° with respect to the package 
optical axis) position. Note that a 0.25° rotation represents a 0.5° change with respect to 
entry into the optics. Figure 4a is an overlay of the 25 calibration images, cropped to 
display a 1023 x 60 pixel strip across the image, and with the maximum intensity level 
limited to about 5,000 counts above background so that all the images have the same 
peak intensity. Figures 4b and 4c show a close up of a single calibration image (21 by 21 
pixels). Figure 4d is a lineout of 4a prior to limiting the intensity level to show relative 
intensities. There is some variation in spacing between the peaks, assumed due to the 
difficulty in rotating the mirror in 0.25° increments, but on average the calibration is 
0.0121° per pixel.  This calibration corresponds to a “flat” field for the angular 
distribution at the focal plane similar to the more usual “flat” field performed at the 
image plane. For an ideal system, the intensities shown in Figure 4d would be equal. A 
more complete calibration would involve repeating the measurements with the mirror 
translated with respect to the Optics package such that the nominal 45° degree case had 
the laser beam entering the optics parallel, but offset to the axis.

Figure 3. Schematic of equipment setup for the calibration of the OTR Optics.
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Figure 4. Sample calibration measurements: a) cropped (1023x60 pixels) composite 
image of 25 calibration images, b) close up (21x21 pixels) of single calibration image, c) 
surface plot of b, d) relative peak intensity of calibration images.

The second calibration measured the flatness of the camera and fiber optic bundle. 
The end of the fiber optic bundle was mounted to an integrating sphere. A typical flat 
field image is shown in Figure 5. A lineout, taken across the image at the same vertical 
position as the angular calibration images, is also shown. Note that the vertical axis zero 
is suppressed so the variation from minimum to maximum normalized to the average 
value is approximately 20%. 

Figure 5. Flat field of fiber optic bundle/camera system. Note the depressed zero on the 
vertical scale of the lineout.

b c d

-6° 0° 6°
a
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Measurements

A “before and after comparison” of data is the most direct method for appreciating 
the improvement to the OTR diagnostic. An OTR image taken on 3/31/2006 with the 
previous OTR Optics package is shown on the left in Figure 6 while an image taken 
6/2/2006 with the new optics is shown on the right. Both images were taken with nominal 
accelerator operating parameters and should be identical except for the new optics. Most 
noticeable between the two images is the increase in peak intensities. With the new optics 
it is necessary to reduce the intensity of the OTR light reaching the CCD to avoid 
saturation. Less obvious, but more important, the average background, measured by 
rotating the intercepting foil so that the OTR light is outside the acceptance of the optics, 
dropped from 1,500 counts with the old system to 1,000 counts. The figure of merit for 
beam quality based on emittance is the ratio of the central minimum to peak intensity. 
Thus the most important signal to noise ratio is that of the central minimum to the 
background. With the new optics, this ratio was improved by almost a factor of 3 and the 
estimate of the maximum emittance can be reduced by about 30%.

For completeness Figure 7 displays the image of the phosphor coated, backside of the 
foil taken on the same shot as the OTR distribution image of 6/2/2006 shown in Figure 6. 
Obviously no corresponding image is available for the previous package. The rms beam 
radius in this image is 1 cm. The peak intensity of the image is approximately one half of 
the full scale using an fstop of 11 and full intensifier gain. The gain and fstop had been 
adjusted so that the beam could be focused to a radius of 7 mm prior to saturating the 
camera. At radii smaller than 7 mm there is a danger of damaging the Aluminum coating 
on the foil and at a radius less than 5 mm the foil is damaged.

Summary 

The improved signal intensity and reduced signal to noise ratio allow more accurate 
measurements of the OTR angular distribution. The second camera system and changes 
to the foil allow the simultaneous measurement of the beam’s current distribution. The 
two images together provide a wealth of information about the beam:

1. The peak-to-peak angular spread in the OTR distribution as seen in Figure 6 is 
equal to 2/γ and thus is a measurement of the beam energy.

2. The ratio of the central minimum intensity to the peak intensity in the OTR angular 
distribution provides a measurement of the beam’s divergence.

3. The physical position of the central minimum with respect to the center of the 
image is a measurement of the angle between the beam’s trajectory and the 
accelerator’s mechanical axis.

4. The intensity of the scintillation imaged on the back of the foil is proportion to the 
electrons striking the phosphor and is a measurement of the beam current density 
distribution. The beam moments can be calculated directly from this distribution, 
e.g. radius.

5. The integration of the scintillation intensity is proportional to the beam current and 
can be calibrated to measure absolute current.
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6. The physical position of the light distribution with respect to the center of the image 
is a measurement of the beam’s position with respect to the accelerator’s 
mechanical axis.

Figure 6. OTR angular intensity distributions for the upgraded system (left) and original 
system with lineouts passing through the central minimum and maximum intensities.

Figure 7. Shown to the left is the image 
of the back of the foil taken with the 
OTR image shown in Figure 6 (left). 
The light is due to the scintillation of 
the phosphor by the beam. The rms 
radius of the beam is approximately 1 
cm.

±6° ±12°
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The final parameter needed to fully characterize the beam is the tilt of the phase space 
ellipse. The tilt is related to whether the beam envelop is decreasing to a smaller 
diameter, expanding to a larger diameter, or is at a minimum/maximum as it passes 
through the intercept foil. Several measurements with different upstream transport 
parameters allow the tilt to be inferred. Reference 3 provides definitions of the beam
parameters and details of the methodology for determining these parameters from the 
OTR Emittance Diagnostic.

It should be stressed that this diagnostic determines all the beam parameters at one 
location eliminating the uncertainties/errors when measurements from diagnostics at 
various locations are used. However, the OTR Emittance Diagnostic is not a replacement 
for the more sensitive energy spectrometer and resistive wall current monitor. The energy 
and current should not change between the exit of the accelerator and the bremsstrahlung 
converter so the location of measurement is not critical. 
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Appendix A
Specifications & Drawing for the Custom Lens

The lens was fabricated by Applied Optics, Inc. in Pleasant Hill, CA. Our contact person 
at Applied Optics was Gery Koch, the manager (GeryKoch@applied-optics.com, ph: 
925-932-5686  x20, fax: 925-932-2502). Additional information on the company can be 
found at www.applied-optics.com.
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Appendix B
Spot Diagram
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Appendix C
Lens Holder Assembly

Top assembly drawing for the lens holder.
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Appendix D
Specifications & Drawings for Fiber Optic Bundle
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