June, 1996�Work supported by DOE contract DE-AC03-76SF00515 and by the National Science Foundation.Submitted to Europe Particle Accelerator Conference, Sitges, Spain, June 10-14, 1996AN APPARATUS FOR MEASURING TURN-BY-TURN TRANSVERSEBEAM PROFILE IN ELECTRON STORAGE RINGS�T.˚Chen, R. H. Siemann, Stanford Linear Accelerator Center,Stanford University, Stanford, CA 94309 D. Hartill, S. Smith, Cornell University, Ithaca, NY 14853AbstractA new apparatus is designed to measure the beamprofile turn-by-turn using synchrotron light. Theapparatus consists of optical fibers, photo multipliertubes and digitizers. It is cost efficient and easy tooperate. Monte Carlo simulations have shown that theapparatus has an acceptable resolution. The concepthas been tested preliminarily at the SLC damping ring,and a full equipment is being set up at CESR toobserve coherent beam-beam phenomenon.1˚˚INTRODUCTIONThe beam-beam interaction has been one of themost important physical effects that limit circularcollider performance, and this issue has not been wellunderstood. One reason is the lack of experimentaldata on the detailed characteristics of the beams. Forexample, turn-by-turn beam profile information isneeded to study the coherent beam-beam effect. Thiseffect is expected to be unimportant[1] but has neverbeen looked for at the beam-beam limit. Anequipment that could be used for this measurement isthe BEXE detector at LEP[2,3]. This is an X-raydetector with radiation-damaged semiconductormaterial. It has shown the coherent motion of beamunder collision[4]. However, these observations havenot been accompanied by a set of parameters at thetime of observation, and systematic studies have notbeen reported. In addition, it apparently is difficult tooperate and extremely costly.In virtually every e+e- storage ring, the beamprofiles are measured by TV cameras or photo diodearrays. They are too slow to obtain turn-by-turninformation. A sweep camera with a synchronoussweep could be used, but these are expensive and notgenerally available at colliders. No beam-beam datafrom one has ever been reported.The apparatus described in this note is lessexpensive and should be simple to operate. Thelimitation is the resolution of the optical system of thesynchrotron light monitor, including diffraction anddepth of field.2˚˚THE APPARATUSThe basic idea is to combine optical fibers andphoto multiplier tubes (PMT). The flexibility ofoptical fibers allows close spacing in the image plane,while the PMTs provide the speed and the sensitivity.The diagram of the system is shown in Figure 1. Atthe image plane of the synchrotron light monitor, theoptical fibers form an array that split the image. Then,each fiber is fed into a photo multiplier tube thatconverts the light signal into an electric signal. Inorder to obtain the one-dimensional distribution, theimage can be integrated across the other direction.The simplest way to do this is to make a matrix offibers at the image plane. Suppose the vertical profileis to be monitored, all the fibers in each horizontal roware fed into the same PMT. The length of the fibersshould be short, in the order of a meter, as long as theycan reach the PMTs. Therefore, the quality of the fiberis not crucial. If the optical system is out of theradiation area, normal plastic fiber will do the job.Otherwise, one needs to find "radiation hard" opticalfibers. The diameter of the fiber should be chosen tomatch the beam image size, as well as the number ofchannels. The optical fibers used at CESR are made byFiberguide Industries. The fibers saturate at 50,000 radat a loss of 11.5 dB/km. The irradiation process wassteady. The fiber core has a diameter of 100 microns,as the beam image size is 250 microns.Figure 1. The diagram of the turn-by-turn profilemonitor.The photo multiplier tubes should have fastresponse. Especially in case of multibunch operation,the rise and fall times should be shorter than the bunchspace. PMTs with typical gain are enough to providethe signal. One choice of the PMT is HamamatsuR5600. This ultra compact PMT sealed in a TO-8metal can has a rise time of 0.65 ns and gain of 3·105.After the PMTs, the signals need to be stretched orsampled by fast track/hold circuits. Then, the signalsare digitized in parallel by multichannel digitizers.The ADC has to be fast enough to catch the data turn-by-turn. For instance, the digitizing period has to beshorter than 7 ms for PEP-II and 2.5 ms for CESR.Normal control computers cannot read data at this fastrate, and the digitizer needs to have its own buffer tostore the profile temporarily. The data acquisitionsystem should be designed according to the operationmode and observation purposes.The cost of the whole system is estimated to beabout $20,000. The most expensive part of the system

2is the digitizers, which depends on the number ofchannels.An alternative of the parallel data acquisitionsystem is to do it in serial. One can make the lengthof the fibers of each channel different. At the otherend, all fibers are fed into the same PMT. The outputwill be a series of pulses space by 10 ns that give theprofile. This scheme needs only one channel ofelectronics, but the digitizer has to be much faster. A test to prove the principle of this apparatus wasperformed at the SLC south damping ring. Bothparallel and serial schemes are tested. Signalsobserved by oscilloscope are suitable for digitizing. A version of the apparatus exists at CESR. It is acompact device that includes the fiber array and tenHamamatsu R5600 PMT’s on a single stage. We mayhorizontally translate the stage, vertically translate thefibers, and rotate the array about its midpoint. Thearray is an arrangement of 2x10 optical fibers. The apparatus has been placed in the tunnel and hasbeen observed a beam of electrons(not in collision)with an oscilloscope. Calibrating the gain on eachchannel, we observed a guassian shaped beam.Preparations have begun to digitize the signals with anOmnibyte Multichannel Analog Digitizer, which is a20 channel, 12 bit 12 MHz digitizer. We areencouraged by recent attempts to digitize peak signals,where the vertical tune shift was observed whileshaking the beam.3˚˚MONTE CARLO STUDY OF THERESOLUTIONA draw back of this apparatus is the optical systemresolution due to the wavelength of the visible light.The limit comes from diffraction (especially in verticalplane) and depth of field. This will limit the beamsize variation that can be observed by the apparatus.To address this issue, a Monte Carlo study was carriedout.The Monte Carlo code simulates fitting the data toa Gaussian distribution with the presence of the opticalresolution and electronic noise. The signal wasgenerated as a Gaussian distribution at the number ofevenly spaced sampler locations. The width of thedistribution was given by

σ tot = σ beam2 +σ res2

,where sbeam is the b e a m s i z e and sres is the o p t i c a l system resolution, including diffraction and depth ofield. The c e n t e r of the distribution was randomlychosen in between the two center samplers. Then, t h e noise, g e n e r a t e d by an Gaussian distributed randomnumber with a v a r i a n c e taking as a p e r c e n t a g e of t h e maximum of the Gaussian distribution, was added t o each data point.This data was then fit to a Gaussian. The a l g o r i t h m is the following: First, cut the d a t a points that are l e s s than 5% of the maximum. Only the strong signal d a t a are used. Second, the mean, or the c e n t e r , is found bylinearly interpolating the maximum signal bin bymaking the a r e a on both sides equal. Then, t h e Gaussian curve fitting c a n be reduced to a s i m p l e linear fit: The function

y = Ae− (x− x)22σ 2

can be rewrittenas

ln y = ln A− 12σ 2 (x− x)2

. Substituting lny by Y and

(x− x)2

by X, we have Y=a+bX. After the linearfitting, the coefficients a and b are found. Therefore,the width of the Gaussian curve is

σ = − 12b

, and thebeam size can be calculated by

σ beam = σ 2 − σ res2

.In this Monte Carlo study, the parameters werechosen based on CESR. The optical system had aresolution of 150 micron, including diffraction and thedepth of field[5]. The data points were spaced by 100micron, corresponding to the diameter of the opticalfiber. The CESR synchrotron light monitor has animage of 250 micron vertical beam size. In the study,beam sizes of 150 to 250 micron were simulated. Thenoise with a deviation of 0.5% to 5 % of the peaksignal were studied.Figure 2 plots the results of the Monte Carlosimulation. For each set of parameters, the processwas repeated 100 times. The uncertainty is the rmsdifference between the measured beam size and thegiven beam size. The results show that the uncertaintyis proportional to the noise, as expected, andindependent of beam size at the studied range. Theresults tell us that this apparatus can observe the beamsize variation beyond 5 micron with 1% of theelectronic noise. If the variation is expected at certainfrequency (e.g., twice of the tune), the uncertainty maybe improved by looking at frequency domain.Note: Sample spacing: 100 micron Optical systemresolution: 150 micron

nnnnnlllllsssssuuuuu02468101214161820150160170 190 200 210 220 230 240 250

Uncertainty of the measurementBeam size (micron)nsigma error-0.5% noiselsigma error-1% noisessigma error-3% noiseusigma error-5% noiseFigure 2. The uncertainty of beam size measurementwith noise and optical smear.4˚˚CONCLUSIONThe preliminary study shows that an apparatusconsisting of optical fibers and PMTs can provide turn-

3by-turn beam profile information at a reasonableresolution. The apparatus is simple, low cost. Itshould be easy to operate and, once setup, can takedata during routine operation.An apparatus has been built at CESR andobservations are beginning. REFERENCES[1]S. Krishnagopal and R. H. Siemann, Phys. Rev.Lett. 67, 2461 (1991).[2]E. Rossa, et al. "X-ray monitors to measure bunchlength and vertical profile at LEP" Proc. EPAC,1990, p. 762.[3]C. Bovet and E. Rossa, "Measurement ofemittance at LEP from hard X-rays", CERN SL/91-18 (BI).[4]

CERN

Courier

, p19, May 1994.[5] S. Milton, Master thesis, Cornell University(1988).