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   A new method for monitoring the longitudinal phase-space of proton beams is proposed. The protons 
scattered by a narrow and thin gold target on a beam line are deflected by RF electric field with proper 
phases. Then the deflected protons are detected by a position sensitive detector. The original longitudinal 
phase-space distribution can be deduced from the energies and positions measured by the detector. The 
measurable range of the longitudinal phase spread is less than ± 60° around synchronous phase. The 
resolutions of the energy and phase are 40 keV and 3.8° respectively. We plan to fabricate this new monitor 
for the investigation of longitudinal dynamics of the ICR linac. 
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                           1. INTRODUCTION 

   For better understandings of the dynamical properties of the beam in an accelerator, it is 
important to know the phase-space distribution of the output beams. An ordinary emittance 
monitor can provide the transverse information. The phase and energy spread of the beam 

should be measured simultaneously for the longitudinal phase-space information. In the 
measurement of longitudinal emittance of the beams accelerated in a high frequency linac, very 
high time resolution is required. 

   For H ion beams, the laser-induced neutralization method has been studied in Los Alamos 

National Laboratory1'2). A portion of H beams can be selectively neutralized by a short pulsed 
laser and the neutralized part is separated from the other part by a dipole magnet. The energy 
of the neutralized beams is measured either by the time-of-flight or by a spectrometer, while the 

phase is evaluated by changing the phase of the laser pulse relative to the RF phase of the 
accelerator. 
   Another method for the longitudinal emittance measurement for H beams was recently 

proposed3l. In this method, an electron photo-detached from an H ion by a short pulsed laser 
is employed, as well as the previous method, to determine the ion energy under the assumption 
that the velocity of the electron is approximately equal to that of the ion. Since the electron mass 
is much smaller than the ion mass, one can measure the electron velocity with small spectrometer 
compared with that for the previous method. 
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   A bunch shape monitor using the secondary electrons emitted through collisions of the ion 

beams and a thin wire is also  reported4'5). The emitted electrons are accelerated by high DC 

voltage and then deflected by the RF electric field synchronous to the RF of linac. Electrons 

within a narrow phase range are detected after passing through a slit. The phase distribution 

can thus be obtained by shifting the phase of the deflection RF. Although this method has a 

good resolution, the energy distribution cannot be measured. 
   For a systematic study of longitudinal dynamics, we plan to measure the longitudinal 

emittance of the 7 MeV Alvarez linac at ICR operating at 433 MHz. The pulsed laser methods 

can, however, be applied only to negative ions while the ICR linac accelerates protons. We here 

describe a possible new method for measuring the longitudinal phase-space of proton beams. 

The accuracy of the measurement based on the present method is also estimated in this paper. 

                      2. MEASUREMENT SYSTEM 

   The system considered here consists of a narrow gold target, a slit, an RF cavity for 

deflecting the protons scattered by the target, and a position sensitive detector (PSD). The 

schematic view is shown in Fig. 1. The narrow and thin gold target is located on the beam line. 

The proton elastically scattered by the target at the angle of 900 goes through the slit. Taking 

into account the scattering cross section and the slit width, it is anticipated that the burst 
counting rate is about one thousand counts per second. This counting rate is low enough to 

reduce the pile-up effect and the dead time of A/D converter. The proton is then deflected in the 

RF cavity. The deflection angle depends on the kinetic energy and the timing when it traverses 

                                          Thin Carbon Foil 

                                                           GoldTarget 
                                                            W= 0.3 mm,H= 8 mm 

                          70°        
•-------------------------------------JProtonBeam 
                                                        from the Alvarez 

                                          90 ° 
EScattered Proton Beam 

                       aE 
                                                         Slit 1 mm, H=8 mm 

E 

                       aE 
WI 
5 mm 1.,.. „y 

RF CavityE 
433 MHz, 180kVm E 

8 

                              Position Sensitive Detector 
H=8 mm, W=15 mm 

                            (Ax=0.15 mm,AE=30keV) 
                Fig. 1. Schematic view of the longitudinal emittance monitor. 
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         the cavity. The energy and position of the deflected proton are measured with the PSD, in order 

         to derive its energy and relative phase before the scattering. Thus the accumulated information 

         for enough time, typically 250 seconds,  enables us to reconstruct the original phase-space 

         distribution of the proton beams. 
            Let us now take a look at the motion of a scattered proton having the relative phase A95 and 

         the velocity Pc. We here assume that the synchronous particle with the velocity floc is scattered 

         at t=0. The phase of the deflection RF is adjusted such that the synchronous proton scattered 

         exactly by 90° traverses the central point of the electrodes at the zero phase. Then, for a non-

         synchronous particle passing by the electrodes at tl, the transverse velocity v(ti) and the position 

         x(ti) are evaluated as 

              _2qVco(L1+L2+Lg12)1 1coLg            v(tl)mW cosin 1L195+c1p/~sin( 2[3c),                  g

IA/I1coL  x(t,)=—--------mWco2 coscb+ (Li+L2+Lg/2)(fl)1sin(2fic(1)       II1/ 

+--------qV cosd+ cw(L1+L2)_co(L1+L2+Lg/2)Lg          mWgw~3cpclpc 
         where q is the elementary electric charge, V is electrode gap voltage, m is the mass of proton, Wg is 

         gap width of the electrodes, and co is RF angular frequency. In this calculation, the RF field 
         distribution between the electrodes is assumed to be uniform. The transverse velocity and 

        position on the PSD are given by 

v(t2)=v(ti),                                                     (2) 
                     L3-

, 
         where 12 is the time when the proton considered arrives at the PSD. 

             It is clear that the phase dependence of the detected position is not linear, and further more is 
         a function of the proton energy. To obtain the original phase and energy, Eq. (2) together with 

         Eq. (1) must be solved based on the measurement results for the v(t2) and x(t2). Note that, if the 
         distance between the target and electrodes is too long, the phase error caused by the finite energy 

          spread of scattered beam affects the measurement accuracy considerably. For example, in order 
         to have the error less than 10° with the energy spread of 200 keV, L1 +L2+Lg12 must be shorter 

         than 16 cm. 

        2.1 Gold target 
            The target is deposited on a thin carbon foil by means of vacuum evaporation. Gold is 

         appropriate for the target material because of its large scattering cross section. Although most of 
         the beam transit only the carbon foil, some are scattered at the narrow gold target after the 

         carbon foil. Because the proton transfers energy to the gold nucleus in the elastic scattering 

         process, the kinetic energy of 7.00 MeV proton scattered by 90° decreases to 6.93 MeV. 
            The phase resolution depends on the size of the deposited gold strip, which is 0.3 mm wide 

         and 8 mm high in our case. The height is taken to be the same as that of the PSD. A larger 
         tilting angle of the target is preferable for making the target projection size viewed from the 

         electrode region as small as possible. In our case, the target is set on the beam line with the 70° 
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tilting angle, corresponding the projection size of 0.1  mm  X 8 mm. 

   The thicknesses of the gold and carbon should be determined in consideration of the 

ionization loss. Because the ionization loss during the scattering process depends on the path 

length in the target and thus causes an error in energy measurement, the gold deposition should 

be as thin as possible. We require the thickness of gold to be 0.1 ,am corresponding to the mean 

ionization of 4.9 keV evaluated from the Bethe-Bloch formula. The mean ionization loss for the 

longest path in the gold is 14.4 keV, and that for the shortest path is 5.2 keV. Therefore the 

energy measurement spread by the different path in the gold target is 9.2 keV. 

   The ionization loss in the carbon foil is about 0.6 keV, much smaller than that in the gold 

target, when the thickness of the carbon foil is 10 pg/cm2. The scattering probability in the 

carbon foil is only 0.46% of that for the gold target. However, assuming a round beam with 10 

mm in diameter, the number of the protons scattered by the carbon is expected, in our case, to be 

about 15% of those coming from the gold target because of the target size smaller than the beam 

size. But the kinetic energy of a 7 MeV proton scattered by the gold target is about 6.93 MeV, 

while that by the carbon foil is about 5.91 MeV. Therefore it is easy to separate the background 

signals originating from the carbon scattered protons. 

2.2 Slit 
   The solid angle of the slit affects the counting rate and the resolution of position 

measurement. High counting rate and high resolution are not compatible. In addition, the 

finite distance between the target and the slit results in an undesirable shift of the deflector phase 

as mentioned before. In our case, the slit width and the distance between the target and the slit 

are 0.1 mm and 140 mm respectively. The detailed estimations of the resolution are described in 

Section 2.6. The slit height is 8 mm, the same as that of PSD. 

   In order to suppress the scattering at slit edge, a thin slit made of short range material is 

preferable. Because the slit is made of tantalum whose range is about 0.115 mm for 7 MeV 

proton, the thickness of 0.2 mm should be enough to stop the scattered protons. The probability 
of scattering at the slit edge is less than 0.2% of all transitions through the slit, when the distance 

from the target is 140 mm. 

2.3 RF deflector 
   The scattered protons are deflected by strong electric field produced in an RF cavity, 

synchronized with the linac RF. As mentioned, the deflector phase is adjusted such that the 

synchronous particle is not deflected. Since the electrodes effective length must be shorter than 

/.3.1/2=41.8 mm for a 6.93 MeV proton, about 30 mm of effective length may be appropriate. 
Because of the sinusoidal change of the deflection voltage, the usable range of the RF phase is less 

than ± 90° around the zero phase where we have a monotonic increase (or decrease) of the 

voltage. Although a sawtooth wave is preferable to the sinusoidal wave due to its linearity, high-

frequency sawtooth RF with a high voltage is difficult to generate. The nonlinearity of the 

sinusoidal wave may limit the reliable measurement region less than ± 60°. The maximum 

deflection angle is ± 3.6° assuming the gap voltage of 180 kV and the electrode distance of 5 mm. 

2.4 Position sensitive detector (PSD) 
   We can measure the position and energy of a charged particle by a PSD (IPP 1508, Oxford 

Instruments Inc.) simultaneously. The detection area is 15 X 8 mm2, and the position can be 
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measured along one dimension of 15 mm width. The position resolution is 0.15 mm, and the 
energy resolution is 30 keV. Therefore total energy error including the effect of ionization loss in 
the gold target is less than 40 keV. The distance from the RF electrodes determines the phase 
resolutions. The distance of 100 mm is enough for good phase resolution. Lead shields against 
X-rays, which come from accelerator tank, are considered to be installed around the detector. 

2.5 Simulation 
   As an example, let us consider a bunch having a uniform longitudinal phase-space 

distribution with a rectangular boundary. The phase spread is ± 90° around the synchronous 
value, and the energy spread is ± 0.2 MeV around the central value 7.0 MeV. 209 particles are 
distributed inside the boundary with the 10° phase step and 20 keV energy step. The 
corresponding position and energy detected on the PSD for each particle are plotted in Fig. 2. 
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          Fig. 2. Calculation of the positions and energies on the PSD for the protons 
                 whose energies are from 6.9 MeV to 7.1 MeV and phases are within 

± 90°. The circles on dashed line correspond to the particles at the 
                   synchronous phase. 

   The effects originating from three different sources of nonlinearity can be observed in Fig. 2. 

The first source is concerned with the nonlinearity in the sinusoidal RF wave. It is clear from 

the figure that the density of the detected particles becomes higher near the left and right edge. 

This implies that the resolution at the larger deflection angle is lower. 

   The second source comes from the phase slip of the deflector RF caused by the beam energy 

spread described before. Two protons which have the same longitudinal displacements but 

different kinetic energies will get different deflection angles due to this effect. As a result, they 

will arrive at different positions on the PSD. The circles on the dashed line in Fig. 2 correspond 

to the particles at the synchronous phase with different energies. The third source is transverse 

energy gain in the deflector. The slight energy increase in both right and left margins in Fig.2 

indicates this effect. 
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2.6 Measurement errors 
    The accuracy of phase measurement is related to various factors; namely the target width 

and thickness, the slit width, RF voltage of the deflector, the PSD property, and the geometry of 

the system. Even protons with the same acceleration phase and energy may reach different 

points on the PSD, because of the finite beam size and the finite slit width. We evaluated the 

possible maximum position spread on the PSD for these protons, considering different scattering 

positions and scattering angles. This calculation includes the effect of phase shifts in the 
deflector RF caused by the different path lengths. Converting the calculated position spread 

into error in the acceleration RF phase, we obtain Fig. 3 demonstrating that the error due to a 
finite beam size is less than  3.0° within the phase of ±50°, but it increases for a larger phase. 

   Other measurement errors come from the position and energy resolution of the PSD. The 

phase errors based on these factors are also plotted in Fig. 3. The error due to the position 
resolution is no more than 2° within the phase of ± 50°, while that due to the energy resolution of 

40 keV increases monotonically. 

   The total phase error is estimated by taking the root mean square of the three errors. As 

seen from Fig. 3, the protons within the phase range of ± 60° around the synchronous one can be 

measured with the phase error less than 6°. Since actual accelerated beam have been well 

bunched around the synchronous phase, the typical error in phase measurement should be 3.8°. 
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          Fig. 3. Phase measurement error caused by three factors ; scattering proton 

                 beam spread, position resolution of PSD, energy resolution of PSD. 
                  Total error is estimated by mean square root of three errors. 

                       3. DATA TAKING SYSTEM 

   For data taking and data analysis, we consider the following system. We can get, from the 

PSD, two signals for a single scattered particle ; namely, an energy signal and a position signal. 

These signals have to be amplified by low noise pre-amplifiers and are then transferred to control 

room. The signals are further amplified and converted to digital signals with 12 bit A/D 

converters. The digital signals are stored in a computer. The measurement time is estimated 
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   about 250 seconds in order to accumulate 1000 data points, when the average beam current is 4.5 

                              4. SUMMARY 

      A new idea for longitudinal emittance measurement is proposed. The longitudinal phase-

   space of proton beams consisting of 433 MHz micro bunches could be probed with the phase 

   resolution of 3.8° and energy resolution of 40 keV. The resolution depends essentially on the 

   PSD property and the geometry of the monitor system. Further study including a detailed 

   design is going on. 
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