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In this paper, the basis of the self-adaptive feed-forward RF control (SAFF)  is discussed and its analytical formulation introduced. It is adopted in Beijing Free Electron Laser facility (BFEL) to control the beam loading effect of the  thermionic cathode RF gun and proves to be effective.  Other possible applications of SAFF in linac are also discussed. 


INTRODUCTION


	The characteristics of the electron beam in a beam-wave interaction system is uniquely determined by the amplitude and phase of the RF field the beam sees during the interaction process. Thus, desirable beam characteristics can be obtained by proper control of the RF amplitude and phase during the macro-pulse of operation. For many cases, however, the time constant of the system response is of the order of magnitude as the  macro-pulse width adopted in the system. Then,  the conventional method of feedback control will not work and hence the SAFF control method was proposed [1].


    The first application of this method is to control the amplitude and phase of the RF  output from a high power klystron as indicated in reference [1] which proves to be quite effective.  In this report, the application of this method to control the field level and phase variation of the RF field in the cavity of the  thermionic cathode RF gun used in BFEL System will be discussed. The physical processes occurring in the thermionic cathode electron gun is rather complicated and is illustrated schematically by Fig.1. It can be seen the characteristics of the electron bunches produced by the gun are affected by many  inter-connected parameters.  The usefulness of the application   of    SAFF  is    that   it  is  not necessary to go to details of the physical processes involved.
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PHYSICAL BASIS  OF SAFF CONTROL


	The basic principle of operation of the SAFF control is illustrated in Fig.2 for a RF linac. Block I is the linac RF system without control. Block III is the monitoring and transducer system together whatever information of the system state that needs to be controlled, such as   in  the  present  case,  the amplitude and phase information from the linac acceleration section or the microwave electron gun. Block II is the heart of the system which   consists   of computer,   oscilloscope   and    arbitrary function generator (AFG) which generates a sequence  of  appropriate  correction  pulses to the electronic attenuator and phase shifter  in  block  I  to  control  the  RF  amplitude   and phase  to  achieve desirable electron bunch  property. The amplitude and phase information are displayed on the oscilloscope where  desirable target curves of amplitude and phase variation  in the macro-pulse  have been pre-set. By comparing   the  two sets  of   pulse- wave- forms at different time intervals, computer    program    will    calculate the commands to the AFG to generate appropriate corrections. This process generally takes several cycles to arrive at steady state and it can be arranged to start again after a designated  time intervals to take care of the slow drift of the system parameters.


PRINCIPLE OF SAFF CONTROL


	Assume the system response under consideration is  time invariant  and it can be separated into two parts approximately: an instantaneous but non-linear part represented by function f(x), such as for the klystron amplifier  system, and  a  temporal   correlated linear part represented by an impulse response h(t), such as for the gun cavity or linac wave-guide. Then the system output y(() can be related to the input f(x) by the following convolution:
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This shows that an increment  (x of the input will cause a corresponding increment (y(() around the output y((), assume f(x) is differentiable and (x(t) is small, equ.(1) can be written as:
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If  (x(t) is represented by the sum of a series of step functions, and (y(() is sampled at different time instants, equ.(2) can be written in a matrix form:
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The matrix element Tij  is given by:
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where (t and (( are the sampling intervals of  (x(t) and (y(() respectively and (T is the response delay. If  we  let (t=(( and  assume  x0(t) remains approximately unchanged during the macropulse, also consider  causality which leads to Tij=0 for i<j and Tij=Tkl  for i-j=k-l. Equ.(3) then becomes:
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From the above result, one can express  (xj recursively as :
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Corresponding to our physical system, (y(() is the difference between the measured wave form and the pre-set target curve at the instant ( and (x(t) is the control signal needed to be applied to the electronic phase shifter or attenuator to reduce the difference.


	In practical systems, there are cross-coupling between the electronic phase shifter and the attenuator, therefore, one has to treat the two channels as a unified one. This consideration leads to a system matrix consisting of 4 sub-matrices. Two represent the properties of the amplitude and phase channels and the other two represent the couplings between them.


	Furthermore, both random and systematic errors exit, such as the EMI, time jittering, pulse reproducibility, instrument resolution constraint, klystron saturation etc. All these factors make the operation of the SAFF system difficult.


	Several measures are taken to improve the accuracy in calculating the matrix elements in the computer program for the present experiment, such as averaging a number of measurements, proper choice of the direction and amplitude of the step driving input, etc.


PRELIMINARY EXPERIMENTAL RESULTS 


Fig.3 and Fig.4 show the preliminary experimental results of using the present SAFF method to control the BFEL thermionic cathode RF gun cavity field variation due to  the serious beam loading caused by  back-bombardment. In Fig.3, the amplitude drooping of the field in the cavity is reduced from 8% to (0.4% during a time span of 4(s and in Fig.4, the phase fluctuation is reduced from (2.2( to (0.5( for the same macropulse duration.


OTHER POSSIBLE EXPERIMENTS WITH SAFF IN LINAC


  The flatness of the modulator pulse is of critical importance to achieve flat RF output. Generally inductors in the PFN are adjusted for this purpose. However, this procedure is time-consuming and SAFF control can easily produce a very flat RF pulse. Furthermore, for a DC gun injector, one may also control the amplitude and phase of the RF input of the linac section to affect the beam characteristics   without going to the detail of the physical process.


As another example of application that is in progress in the RF linac based BFEL, the phase control channel will be used to affect a small frequency variation during different time intervals in the macropulse which is equivalent to optical cavity length variation. The feasibility of desynchronization of a FEL optical cavity dynamically by linear variation of  frequency of RF system to improve the FEL output has been demonstrated by the FOM group (4). In the present case, arbitrary variation of the frequency to optimize the laser output could be expected. 
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