DRAFT

NONLINEAR COMPTON SCATTERING OF 46 GeV ELECTRONS

C. Bula, K. T. McDonald and E. Prebys Joseph Henry Laboratories, Princeton University, Princeton, NJ 08544 C. Bamber^{(1)}, S. Boege^{(1)}, T. Kotseroglou^{(1)}, A. C. Melissinos^{(1)}, D. D. Meyerhofer^{(2)} and W. Ragg Dept. of Physics and Astronomy^{(1)}, Dept. of Mechanical Engineering^{(2)} University of Rochester, Rochester, NY 14627 D. L. Burke, P. Chen, R. C. Field, G. Horton-Smith, A. C. Odian, J.C. Spencer and D. Walz Stanford Linear Accelerator Center, Stanford University, Stanford, CA 94309 S. Berridge, W. M. Bugg, K. Shmakov and A. W. Weidemann Dept. of Physics and Astronomy, University of Tennessee, Knoxville, TN 37996 12/28/94

Abstract

The 46 GeV electron beam at the Stanford Linear Accelerator Center was scattered from the focus of an intense laser beam (ω_0 = 2.34 eV) with peak intensity 4 × 10^{16} W/cm^2. The momentum spectrum of the recoil electrons beyond the kinematic limit for single photon Compton scattering was measured. These electrons reflect two-photon Compton scattering as well as multiple scattering in the laser focus. The observed rate is in qualitative agreement with the predicted values.

The interaction of high energy particles with the electromagnetic field can be adequately described by the emission and absorption of a single photon. However at high field strengths several photons may be absorbed in a single interaction, resulting in nonlinear Compton scattering. We report on the first observation of such nonlinear Compton scattering of 46.6 GeV electrons in the field of a short, tightly focussed intense laser pulse. The analogous effect for atomic systems is the well studied multiphoton absorption which involves bound rather than free electrons.

The experiment was carried out at the Stanford Linear Accelerator Center using the Final Focus Test Beam (FFTB) [1]. The laser consisted of a Nd: YLF oscillator followed by three Nd:glass amplifiers and is described in detail in ref. [2]. Chirped pulse amplification was used to deliver 1.5 - 3.0 ps long pulses at λ = 1054 nm with energy in the IR pulse as high as 2.4 J. The laser pulse was frequency doubled to λ = 527 nm (green) and transported to the interaction point where it was focussed onto the electron beam with an f/D = 6 parabolic mirror; the crossing angle between the two beams was 17ffi. The laser pulse was refocussed after traversing the focus and returned to the laser room where its focal, and temporal profiles were characterized and the pulse energy was measured. In general, the focal spot area was of order 50 ± 20 μm^2 and the pulse width varied from 1.2 to 3.5 ps, higher energy pulses tending to be longer. The laser was pulsed at a rate of 0.5 Hz.

The electron beam was operated at 46.6 GeV with 6 × 10^9 e�/pulse; at the interaction point the area was typically 400 μm^2, whereas the longitudinal extent was of order 3 ps. To maintain collisions the laser and electron beam must be synchronized to within few picoseconds. This is achieved by driving the mode locker in the laser oscillator with a subharmonic (119.0 MHz) of the linac radiofrequency in a phase locked loop [3]. An optical delay line was used to find and set the correct laser timing. Overlap of the two beams in the transverse plane was achieved by steering the electron beam and/or scanning the position of the laser focus.

After passing the interaction point the electron beam is directed to the dump by six permanent magnets which provide a total bend of 18 mrad. Electrons that are scattered by the laser loose energy and therefore are bent more strongly in the field and are deflected out of the vacuum chamber. Recoil electrons with momentum p_e < 25 GeV can reach a total absorption silicon calorimeter [4]. The rate of backscattered photons was monitored by another silicon calorimeter placed in the forward direction, as well as by a sampling Cerenkov counter suitably calibrated for measuring high flux (up to 2 × 10^7 photons/pulse were observed) [5]. The layout of the interaction region and of the detectors is shown schematically in Fig.1.

The electron calorimeter consists of 21 layers of silicon (...... thick) interleaved with tungsten sheets (...... thick). It is divided into 4 columns and 12 rows, each pad (or tower) having an area of 16 × 16 mm^2 in the direction transverse to the beam. Since the transverse momentum of the recoil electrons is of order of the electron mass, they are hardly deflected in the horizontal plane and therefore impact only the two central columns of the calorimeter. The vertical position of the calorimeter was remotely adjustable allowing us to select the momentum band covered by a particular tower.

The silicon layers within a tower were ganged into four segments which were read out by amplifiers/latches [6]. The calorimeter was calibrated using secondary electrons during SLC operations and was found to have a resolution ΔE/ √ E = 0.33/ √ E in agreement with calculation [7]. Furthermore, it was possible to calibrate the momentum scale of the spectrometer, which was found to be in agreement with the values calculated from the magnet map.

The minimum energy of the recoil electrons depends on the number of absorbed photons and is given by

E_{min} =

E_0 1 + x , x = 2nω_0E_0 m^2

(1 + cos δ) (1)

Here E_0 = 46.6 GeV is the incident electron energy; ω_0 = 2.34 eV the laser photon energy; m the electron mass and δ = 17ffi the crossing angle. The number of absorbed photons is given by n. For n = 1, E^{(1)}_{min} = 17.6 GeV which represents the “Compton edge” for this experiment. Observation of recoil electrons with energies E_r < E^{(1)}_{min} is evidence for the absorption of two or more photons from the laser field and/or for multiple scattering of the incident electrons in the laser focus.

The observed number spectrum dN/dp of recoil electrons beyond the Compton edge is shown in Fig.2 as a function of the central momentum of the calorimeter row. Two sets of data are shown and each set consists of three “runs” at different positions of the calorimeter. The data set spanning the range 18 > E_r > 12 GeV corresponds to a laser energy U_L = 4 ± 0.4 mJ, whereas for the set in the range 15 > E_r > 8 GeV the laser energy U_L = 40 ± 4 mJ. The rate dN/dp (GeV�^1) refers to the scattering of a single pulse of 6 × 10^9 electrons.

The rate of observed recoils depends on the spatial and temporal overlap of the electron and laser pulses, the number of laser photons (pulse energy) and number of electrons. This dependence can be factored out by measuring the number of forward going photons from the collision and forming 1 N_γ dN dp = 1 σ_0 dσ dp (2) Here σ_0 is the total cross section for n = 1 Compton scattering; σ_0 = 3 × 10�^{25} cm^2 for this experiment. The data are represented in this form in Fig.3.

The differential cross section dσ/dp for n > 1 is expected to depend on the strength of the electric field in the laser focus, namely on the laser intensity which we define as

I = U_L/A_ωτ (3)

where A_ω is the 1/e^2 focal area and τ the FWHM of the pulse duration. The peak electric field for linear polarization (used in this experiment) is then given by E_0 = √ 2IZ_0 with Z_0 the impedance of free space. The expected dependence is apparent in Fig.3, where the two data sets correspond to laser intensities of I = 4 × 10^{15} W/cm^2 and I = 4 × 10^{16} W/cm^2; the ratio of the differential cross sections for the two data sets is approximately 10, for E_r < 14 GeV.

Nonlinear Compton scattering was treated theoretically thirty years ago in a series of papers [8] as well as recently [9]. In that treatment multiphoton effects are dependent on two invariants η = eE mω_0c , Υ = 2γ eEh̄ m^2c^3 (4) where E is the electric field strength and γ = E_0/m. For circularly polarized light the differential cross section can be given in closed form [8,10] and reduces to the Klein-Nishina result in the limit η → 0. For small values of η progressively higher orders of multiphoton scattering scale as η^2, and this is supported by the data of Fig.3 where the two data sets correspond to η = 0.020 and η = 0.062; the respective values of Υ are Υ = 0.017 and Υ = 0.052.

The theoretical prediction for the normalized cross section (1/σ_0) dσ/dp for linear polarization has been integrated over the interaction region including the effects of multiple scattering; in the range of the data, the two effects contribute equally. The resulting prediction, [after smearing for the resolution of the calorimeter, NB: this has not been done as yet] is shown by the two curves in Fig.3 evaluated at the same laser intensity as the data. While these data establish a qualitative agreement with the calculated model a more precise comparison must be based on measurement of the spectrum of the forward going photons. Such an experiment will be carried out in the near future [ 11].

It is a pleasure to acknowledge the support of the SLAC staff and in particular of D. Bernstein, K. Jobe, M. Ross, and M. Woods. T. Blalock was instrumental in the construction of the laser system and its installation at SLAC. The laser system could not have been completed without support from members of the Laboratory for Laser Energetics at the University of Rochester; in particular we wish to thank A. Fry, J. Kelly, T. Kessler, S. Letzring, R.L. McCrory, M. Shoup, A. Schmid, D. Smith and J. Soures. This work was supported under Dept. of Energy contracts DE-FG-02-91ER40685 (Rochester), DE-FG02- 91ER40671 (Princeton), DE-FG05-91ER40627 (Tennessee), DE-AC03-76SF00515 (SLAC).

Figure Captions Fig. 1 Schematic layout of the experiment.

Fig. 2 Number spectrum dN/dp of recoil electrons beyond the Compton edge. The two data sets correspond to laser energies U_L = 4 mJ and U_L40 mJ respectively.

Fig. 3 Normalized momentum spectrum for recoil electrons from nonlinear and multiple scat -tering in the laser focus. The two data sets correspond to laser intensities I = 4 × 10^{15} W/cm^2 and I = 4 × 10^{16} W/cm^2. The curves are the prediction of the theoretical model [9] evaluated at the same laser intensity.

References and Notes

1. D.L. Burke, “The FFTB project” SLAC-PUB-5517 (1991).

2. M.J. Shoup III, J.H. Kelly and D.L. Smith “Design and Testing of a Large Aperture, High Gain, Brewster Angle Zigzag Nd: Glass Slab Amplifier” LLE report 1989 (unpublished). [To be replaced by our new paper.]

3. C. Bamber, G. Horton-Smith and T. Kotseroglou “E144 Timing System Evaluation” Internal Report (June 1994). [To be replaced by our new paper.]

4. S.C. Berridge et al., Beam Test of the SLD Silicon-Tungsten Luminosity Monitor, IEEE Trans. Nuc. Sci. 37 (1990) 1191.

5. R.C. Fields reference on Cerenkov. 6. E. Prebys et al. reference on readout. 7. EGS 8. N.B. Narozhnyi, A.I. Nikishov and V.I. Ritus, Quantum Processes in the Field of a Circularly Polarized Electromagnetic Wave, Soviet Physics JETP 20 (1963) 622; see also Sec. 101 of V.R. Berestetskii, E.M. Lifshitz and L.P. Pitaevskii, Quantum Electrodynamics, 2nd ed., (Pergamon Press, 1982).

9. P. Tsai, Physical Review ........

10. For a review see K.T. McDonald, Proposal for Experimental Studies of Nonlinear Quantum Electrodynamics, Princeton U. Report DOE/ER/3072-32 (Sept. 1986).

11. “Study of QED at critical field strength in intense laser-high energy electron collisions”, J.G. Heinrich et al. Proposal E-144 submitted to the Stanford Linear Accelerator Center (unpublished, Oct. 1991).