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Abstract 
We have been studying a high quality electron bunch 

generated by a photocathode rf electron gun. We are using 
this electron bunch for many application researches. In 
those application, it is very important to measure its de-
tailed parameters. Last year, we conducted three-dimen-
sional distribution measurement of electron bunch using 
RF-Deflector. This year, we have succeeded in evaluating 
not only the geometric parameters but also the phase space 
distribution in the slice of electron bunch. In this confer-
ence, we report the principle and experimental results of 
the slice emittance measurement and future prospects. 

INTRODUCTION 
A photocathode rf gun is now widely used for an injector 

of large accelerator system in many facilities due to its con-
trollability of initial bunch profile and ability to generate 
low emittance bunch. At Waseda University, we use it to 
perform a pulse radiolysis[1], generation of coherent Che-
renkov radiation[2], and laser Compton scattering for soft 
X-ray generation[3]. For these applications, it is very im-
portant to measure the precise bunch parameters. Therefore,
we have developed the rf deflector system[4] and have per-
formed three-dimensional distribution measurement using
CT(Computed Tomography) technique[5]. To analyze the
electron bunch multidimensionally, we attempted to meas-
ure the slice emittance by utilizing RF-Deflector with Q
scan method. In this conference, we report principles of the
experiments, experimental setup, results and discussions,
and future prospects.

PRINCIPLES 
The emittance measurement in this experiment was per-

formed by using the Q scan method. There is a relationship 
between the convergence force K by the quadrupole mag-
net and the bunch size ߪ௬  after the drift distance L. It is 
shown in equation (1).  

Here, ߪଵଵ and ߪଵଶ are the components of the σ matrix at 
the quadrupole magnet. When changing the K value of the 
quadrupole magnet with RF-Deflector turned off,  ߪ௬	can 
be fitted with a quadratic function. Here, we define the 
quadratic function as equation (2). 

By comparing equation (1) with equation (2), the pro-
jected emittance in the y direction can be calculated by 
equation (3).  

The emittance value described in the experimental re-
sults is normalized emittance obtained by multiplying 
equation (3) by γβ. 

Next, we consider the slice emittance by turning RF-De-
flector on. When RF-Deflector is turned on, z direction of 
bunch is projected in the x direction as shown in Fig. 2. 
From this profile, a bunch is cut out in the range of x larger 
than the temporal resolution. By changing the K value of 
the quadrupole magnet and measuring the y-direction 
bunch size of each slice, we can measure slice emittance as 
shown in Fig. 2. Note that in Figures 1 and 2 the right side 
represents the bunch head and the left side represents the 
bunch tail. In the experiment, when convergence is applied 
in the y direction by the quadrupole magnet, the divergence 
force is simultaneously given in the x direction and the 
bunch size increases. Therefore, in the analysis, the x di-
rection bunch sizes are equalized for all K values so as not 
to change the slice position. Also, in order to measure the 
slice emittance from head to tail of the electron bunch, the 
number of slices and the slice width are adjusted with each 
data.  

Figure 1: Diagram of slice emittance measurement. 

௬ଶߪ (1) ൌ ଵଵଶߪଶܮ ൭ܭ െ ቆߪଵଶߪଵଵଶ ൅ ቇ൱ଶܮ1 ൅ ଵଵଶߪଶߝଶܮ

y ൌ aሺK െ bሻଶ ൅ ܿ (2) 

ε ൌ ටܽܿܮସ (3)
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When determining the slice width, we calculate the 
length on the profile corresponding to the temporal resolu-
tion by using Skewing Strength.   

The Q scan method is susceptible to space charge effects 
and is not suitable for bunches in the low energy region. 
Therefore, in this experiment, the space charge effect is 
suppressed by using a low charged beam. 

Figure 2: An example of slice emittance measurement. 

Figure 3: Experimental setup of slice emittance measure-
ment. 

EXPERIMENTAL SETUP 
The setup of the slice emittance measurement is shown 

in Fig. 3. The solenoid magnet and the two upstream quad-
rupole magnets (Q1, Q2) are used for bunch convergence. 
The measurement of the bunch charge and the bunch en-
ergy are carried out by using the FCT (Fast Current Trans-
former) and the bending magnet, respectively. Q scan is 
performed with a quadrupole magnet Q3 installed at 2.28m 
from the cathode. The drift distance L from Q3 to the 
screen is 0.34m. 

RESULTS AND DISCUSSION 
By changing the acceleration phase of RF-Gun to 10, 20, 

30, 40, 50 deg and the bunch charge to 12, 25, 50 pC, the 
slice emittance was measured. Laser injection was carried 
out in two ways, perpendicular injection and oblique injec-
tion.  

As for the acceleration phase, the phase at which elec-
tron bunch starts to be observed at perpendicular injection 
is defined as 0 deg, and the acceleration phase is adjusted 
so that the energy plot by phase at perpendicular injection 
and oblique injection coincide. The result of emittance in 
this paper is the normalized emittance, and the unit is mm 
- mrad.

Table 1 shows the slice emittance setup parameters at 
perpendicular injection. The current value of the solenoid 
magnet is constant at 110A, and the bunch is converged in 
the x direction by using Q1 and Q2 in order to increase the 
time resolution in the slice emittance measurement. 

Table 1: Setup Parameters at Perpendicular Injection 
Charge[pC] Phase[deg] Q1[A] Q2[A] 
12 10 0.3 0.5 

20 0.2 0.35 
30~50 0.2 0.3 

25,50 10~50 0.35 0.5 
The results were separated for each acceleration phase, 

and slice emittance by bunch charge was compared. The 
results are shown in Fig. 4. In the figure, the scale of the 
vertical axis is unified. In the slice emittance measurement, 
the bunch is divided into 9 slices (or 7 slices), and for those 
with the same number of slices, the bunch length is almost 
the same. Since the bunch length becomes small at low 
charge and low phase, there are less slices in these condi-
tions due to the temporal resolution. As shown in the figure, 
the slice emittance increases as the charge increases at each 
acceleration phase, but the difference becomes smaller as 
the acceleration phase increases. Therefore, it can be con-
sidered that the space charge emittance is dominant at low 
acceleration phase, whereas the RF emittance also appears 
greatly at high acceleration phase. 

Table 2 shows the setup parameters at oblique injection. 
The current value of the solenoid magnet is constant at 95A, 
and the bunch is converged in the x direction by using Q1 
and Q2 in order to increase the temporal resolution in the 
slice emittance measurement. 

Table 2: Setup Parameters at Oblique Injection: 
Charge[pC] Phase[deg] Q1[A] Q2[A] 
12,25,50 10~40 0.5 0.62 

50 0.55 0.65 
The results were separated for each acceleration phase, 

and slice emittance by charge was compared. The results 
are shown in Fig. 5. As with perpendicular injection, the 
slice emittance increases as charge increases for each ac-
celeration phase, but it turns out that the difference de-
creases as the acceleration phase increases as same as per-
pendicular injection. 

Figure 6 shows the comparison of slice emittance at per-
pendicular injection and oblique injection. The slice emit-
tance was larger at oblique injection regardless of the 
bunch charge. Since the sizes of the incident lasers are uni-
fied, the initial bunch size in the y direction should be the 
same, but at oblique injection, the initial bunch size in-
creases in the x direction. Thus, we can consider that the 
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bunch is influenced laterally by the accelerating electric rf 
field and the bunch size after acceleration is increased. 
Since the x direction and the y direction are mixed by the 
solenoid magnet, the resulting emittance also increased in 
the y direction. 

CONCLUSIONS 
We successfully measured the slice emittance using RF-

Deflector with Q scan method. Experimental results show 
that the factor of the slice emittance increase is the space 
charge emittance and the RF emittance received inside the 
accelerator. When the charge increases, the slice emittance 
around the center of the bunch increases due to space 
charge effect. Moreover, we found that the RF emittance 
appears to be dominant at higher phases. As for comparison 
of the laser injection method, we found that the slice emit-
tance is larger at oblique injection. This is because the ini-
tial bunch size increases in the x direction by oblique in-
jection. 

In this experiment, we were succeeded in measuring the 
slice emittance at low charge. Therefore, we are going to 
measure it at high charge in the near future. We think that 
the knowledge obtained by this experiment will not only 
serve other applied researches but also will be a guide for 
the understanding of the acceleration mechanism of RF-
Gun itself and the design of a new accelerating structure.  
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Figure 4: Experimental results at perpendicular laser injection. 

Figure 5: Experimental results at oblique laser injection. 

Figure 6: Comparison of slice emittance at perpendicular laser injection and oblique laser injection. 
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