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Objective

Fermilab would like to develop Optical Transition Radiation (OTR) detector technology for proton and pbar beam position and beam size measurements in various beamlines. This note will describe the proposed plan for installation of a first OTR detector. The motivation for this first OTR system would be to (1) learn about OTR detectors in proton/pbar beamlines and (2) identify both physics and operational issues necessary to produce a precision beam position and beam size measurement instrument.

Guidelines for this first detector include:

1. Easy access to detector location for repairs and modifications

2. Beamline location available in the earliest time frame

3. Delivery of beam at a high duty cycle

4. High energy beam in order to minimizing width of the OTR light cone

5. Largest number of particles per bunch (or batch) to produce the most light

6. As low as possible radiation environment for the camera and optics

What is OTR?

OTR is produced from a surface interaction of the beam with a target. This radiation has a strong visible light component and can be measured by a calibrated camera system, which produces images of the light pattern. Since the OTR light production is a surface phenomena, the target may be a very thin foil. Initial detectors at CERN have used aluminum and titanium foils as targets.

The OTR light pattern is a function of the energy of the beam and produces a cone of light in both the forward and reverse directions from the target. The cone angle of maximum light intensity goes as 1/. In the forward beam direction, the cone axis is the same as the beam. In the reverse beam direction, the cone axis is in same as the specular reflection angle of the beam. 

Issues
Locations

Possible locations for an OTR detector include (a) in front of the miniBoone target, (b) in the NuMI beamline, (c) in front of the pbar production target and (d) in the A1 and P1 transfer lines.

1. MiniBoone: MiniBoone is interested in placing an OTR detector in its new horn/target assembly. There are a number of issues that make this OTR detector very challenging. First, the miniBoone beam energy is 8 GeV which means that the OTR produced light cone has an opening angle (from specular reflection direction) of ~6 degrees. This makes it very difficult collecting the OTR light. Second, because of the high radiation environment, the collected light must be transported a large distance to a camera. Third, no access to the OTR detector is possible after the new horn/target assembly is installed. Fourth, installation of the horn/target assembly will only occur if the present horn/target system fails. Therefore, miniBoone is not an ideal candidate for placement of our first OTR detector.

2. NuMI beamline: NuMI has a possible interest in OTR detectors but has tight limitations on beam loss. Also, NuMI will not receiver beam until at least 2004. This rules out NuMI as a first OTR detector location.

3. Pbar target: The pbar target presently uses multi-wires to measure the beam position and size. An OTR detector should give a better measurement of position and beam size enabling a better focus on target and therefore increase pbar production. A beam energy of 120 GeV and particle count of ~2-4E12 per pulse should produce enough OTR light and not require an image intensifier. Beam delivery occurs regularly and access to the target area is available. Radiation environment needs to be determined.

4. A1/P1 transport lines: Presently, multi-wires are used to measure beam position and size in the A1 and P1 transport lines. An OTR detector in these beamlines would be highly desirable to make precise measurements of protons and antiprotons during injection to the Tevatron. However, measurements of individual antiproton bunches will require a very fast camera and an image intensifier. Also, the infrequency of beam would limit the ability in study and integrate the OTR detector.

To meet the objectives of a first OTR detector, the Pbar target presents the best location for installation of an OTR detector.

Camera and Optics Issues

There are a number of camera and optics issues for an OTR detector. What will be the radiation exposure of the camera and otics? What is the required frame rate of the camera? What are the available integrated OTR light levels? How will camera and optics calibration be provided? How will camera and optics control be provided? What camera resolution and dynamic range are required?

Radiation: CID Camera vs CCD Camera

CID cameras offer an option of imaging in a moderate radiation environment (claims of good signal to noise for > 1 Mrad accumulated dose). CCD cameras are sensitive to radiation causing anything from degradation of image quality to failure of the camera entirely. CCD cameras are available from many sources in many formats and are relatively cheap. CID camera vendors are limited and more expensive than CCD cameras for equivalent resolution and dynamic range. Delivery of CID cameras is unknown at this time. CCD cameras are readily available in a few days.

Radiation: Optics

Because the nature of the glass used in optical lenses, radiation environments degrade the ability of the lenses to transmit light. In high radiation areas, focusing mirrors can be used to form an image but this would require a custom design and would not give the image quality of a good lens system.

Camera Frame Rate

Standard CCD and CID cameras operate at up to 30 frames per second. New CCD cameras have been introduced that are capable of a few hundred frames per second. For exposures less than ~10 ms but slower readout requirements, one can use a standard CCD or CID camera with a gated image intensifier. However, a gated image intensifier will have a blurring effect on image resolution.

Other options for fast frame acquisition include using a streak camera or custom high-speed CCD camera. However, besides a substantial increase in cost, fast frame rate cameras require a proportional increase in light intensity in order to provide adequate imaging.

Camera Resolution and Dynamic Range

Standard RS-170 analog format CCD and CID cameras have a pixel format of ~768H x ~480V and operate at ~30 frames per second interlaced mode (odd rows for odd numbered frames and even for even numbered) with ~8 bits dynamic range. Operating in interlaced mode should not be a problem if the proton batch arrival time is made to occur entirely within one frame time. Then two successive frames can be integrated to give a full resolution image. For standard RS-170 formats, a 50 mm by 50 mm image space has an approximately 100 micron image pixel resolution. Using sub-pixel imaging techniques, measurements of beam size and position should have 2 to 10 times better resolution.

Standard format CCD and CID cameras also exist in progressive scan mode. This mode reads out all pixels from a camera for each frame. Progressive scan cameras have formats of ~512 x 512 pixels or larger. Again, for a 50 mm by 50 mm image space then the image pixel resolution is ~ 100 microns. Progressive scan cameras are used when interlaced imaging is a problem, such as for motion blur.

Standard 8 bit cameras provide adequate dynamic range over a single image. Transmission of OTR light to the camera over the range of proton intensities will be controlled using the camera lens aperture.

Should it be necessary, higher resolution and larger dynamic range cameras exist and can be integrated into an OTR system. However, even small increases in camera resolution or dynamic range can dramatically increase the cost of a camera.

Remote Control

Because the OTR detector will not be accessible, remote operation of the camera is required. For camera readout, standard frame grabber cards can provide remote control. For issues of camera position, focus, F-number and attenuation, remote control of one or all of these parameters may be desirable.

Camera Calibration

Because of variation in mechanical, optical and camera parameters over time, an inline optical calibration system is required for the OTR detector. This calibration system will generate position corrections that will be required in order to make precision beam measurements. A camera calibration system is a key component to the OTR detector.

For a first OTR detector in front of the Pbar target, if the radiation environment is tolerable, then a standard CCD camera with an off-the-shelf lens would be adequate. If the radiation environment is too high, then a CID camera could be used. Because of the isolation of the Pbar target area, remote control operation the camera and lens is required.

Targets

There have been a number of possible materials tested for an OTR detector. The two primary materials have been aluminum and titanium. Since OTR is a surface phenomena, OTR light production is independent of the target thickness. To minimize interaction with the beam, it is desired to have a thin target. To have a mechanically stable mounting with a flat OTR detector surface, it is desired to have a thicker target. Also, heating and destruction of the target by beam interactions must be avoided.

Single Static target or Multiple Moving Targets?

It would be ideal to study different target types (Aluminum, Titanium, Phosphorous) as well as possibly different thickness. Also, dynamic insertion and removal of a target in the beamline would be desired to study target effects on the beam. A multi-target rotating wheel could allow many target types and also a no-target window. Design and development of a multi-target OTR detector will be more expensive and have a longer manufacture time than a simple static target. Also, motion of an OTR target will have issues on measurement reproducibility. An optical calibration system could correct for this effect. 

A single static target OTR detector is the simplest approach for a mechanical design. However, this eliminates the possibility of studying targets and also removal of the target from the beam. Placement of a thin static OTR target in front of the Pbar target should have minimal adverse effect on the beam quality.

Mounting Thin Foils

Fermilab has experience in mounting target foils and multi-wires devices in various beamline locations. Most of these foils have a thickness greater than 25 microns. For an OTR detector, it is desirable to have a foil target thickness less than 25 microns. In addition, Fermilabs experience in mounting foils and multi-wires has been perpendicular to the beam path. An OTR target needs to be mounted at a ~45 degree angle to the beam such that the OTR light is emitted perpendicular to the beam path. 

In order to get a quality OTR image over a large area of the OTR target, the foil surface needs to be fairly flat. The relation between foil flatness and image quality needs to be determined.

Resources

Design, development and integration of an OTR detector require resources beyond the instrumentation department. Depending on the final configuration, some level of mechanical design and fabrication will be required. This will require design and manufacturing from the mechanical support group. 

As a side note, it may be possible to acquire a mounted OTR detector from CERN. This detector would still require design and fabrication of mechanical interfaces in order to integrate into the Fermilab beamline.

Design and development of the camera, optics and calibration system will be provided by the instrumentation department as well as image acquisition and analysis. Integration of the detector in front of the pbar target will require pbar and mechanical support.  Integration of this first OTR system into operations will depend on the success of the detector in making measurements. 

Proposed Plan

For a first OTR detector at Fermilab, it is proposed that a simple OTR detector be installed in front of the pbar target. This OTR detector would be a single static foil design of ~ 25 micron or less titanium foil. This will allow the easiest mechanical design and fabrication and should have minimal effect on the beam. The detector enclosure will have an optical window to transmit the emitted OTR light to a camera system. Depending on the radiation environment, the camera will be either a standard resolution 8-bit CCD camera or a radiation hardened CID camera operating in RS-170 mode. These cameras have enough resolution and dynamic range to give quality images for analysis.  The OTR system will have remote control operation for the camera and optics. In addition, the OTR detector would also have an in-place camera calibration system.  Acquisition of the camera images will be controlled by a standard frame grabber card and off-the-shelf software. Analysis of the images will be performed off-line.

Development of this detector system will proceed in two steps. 

· First, a benchtop camera, optics and simulated target will be constructed. This will allow for development of optics and camera calibration as well as software for image acquisition and remote control operation. In parallel with this benchtop camera system, the mechanical target assembly will be designed and manufactured. (Note: if a mechanical target assembly can be obtained from CERN then this time will be used to adapt the assembly into the Fermilab beamline.)

· Second, the camera, optics, and target will be assembled and inserted in front of the pbar target. The host PC will provide acquisition of initial images. This PC will not be integrated in the Fermilab controls system until it is shown to produce acceptable data.

Analysis of OTR images will be performed offline and compared to the present pbar target multiwire.

