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A micro-focused electron gun was developed for producing a microfocus x-ray source
and applying to x-ray microradiography. Tungsten hair-pin filament of the electron microscope
was employed as the electron source. The electron beam was focused by a single stage
electromagnetic lens under a variable accelerating voltage in range of 0-40 kV, continuously,
with 120 µA maximum anode current. While electron probe current can be adjusted from 0.05
µA up to 1.2 µA at the operated condition of 5 x 10-5 torr, vacuum degree in an anode
chamber. An x-ray beam of 112.5 µm focus diameter can be generated from the developed
system by the use of Au target with a thickness of 50 µm at the probe current of 500 nA and 18
keV electron beam energy. In these setting, the radiographic biological specimen was done at
2 times magnification geometry with 20 minutes exposure time. The obtained image showed
satisfactory image quality, both sharpness and contrast, comparing with the radiographic taken
from a modified-commercial SEM system at the same specimen.
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 [1]  . . 2533 Prof. H. Hashimoto 
Prof. K. Yada 

 [1] 
  

   [2]
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1.2 

 (hot cathode) 
 (electromagnetic lens) 

1.3 

1.  (tungsten hair pin) 
40 kV  (emission current) 100 µA

2.  
3.  10-6 torr

          4.  

1.4 

         1.  (SEM)

2. 
3.  
4. 
5. 

6.  

1.5 
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1.6 

1.  2487 E. Ruska  Technical College in Berlin 
 

 
  

2.  2532  Keiji  Yada   Shoichi Takahashi  Research Institute for
Scientific Measurements, Tohoku University 

 Ti  
   

 
 Au, Ta,  Ge 

3.  2535    ,   ,        
     

(SEM) 
 

 
 

4.  2541   ,        
    

  2 



 2

2.1

 (Non-Destructive Testing;
NDT)  

 
(latent image) 

 2.1 
 [1]

 2.1  [1]

xµ
eII
−

= 0                                                           (1)

           I = 
                I0 = 
                µ = 
                 x = 
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2.1.1

  . . 2438  
 Wilhlem Conrad Roentgen 

 
 
  

 
 10-5 nm  10 nm  

 (electron shell)  (excite) 
 

 (ground state) 

  2  
  

2.1.1.1

 
 K  L 

 (binding energy) 
 

  

  
 (characteristic x-ray)   2.2
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   .                . 
                                                        

. 

 2.2  [1]

 2.2 .  Ei  
K  EK 

 ES 

                                          ES = Ei  EK                                                                 (2)
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 L  EL  
K  EX 

                                    EX  = EL- EK                                                                   (3)

 K, L, M,   subshell 
 subshell  (quantum mechanics) 

 K, L, M   L 
 K   Kα   M 
 Kβ   M  L  N  M  

  Lα  Mα  
  M  L   Lα1  Lα2 

  2.2 . 

2.1.1.2 

 
(coulomb field) 

 bremsstrahlung  braking radiation  2.3 . 

 

 (continuous x-ray)  2.3 . 
 

 2.3 .
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.                                             .
                                                                                     

. 

 2.3  [1]

2.1.1.3

  [µ(E)] 
 

Continuous x-ray Characteristic x-ray
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 [1]

.  (ultrahard x-ray)  
0.1 Å (124 keV) 

.  (hard x-ray)  
1.0 Å  0.1 Å (12.4 keV  124 keV)

.  (soft x-ray)  10 
Å  1.0 Å (1.24 keV  12.4 keV)

.   (ultrasoft x-ray)  10 Å
(1.24 keV) 

 2.4 
 [1]
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2.1.2 

2.1.2.1

 (contrast sensitivity)  
 

 4  [3]
.  (sharpness definition) 

 (penumbra) 
.  (high contrast) 

.  (adequate density) 

.  (minimum distortion) 

2.1.2.2

 
(contrast)  (sharpness)  

  (F) 
 (d1)  (d2)  

  (point source) 
 

 (penumbra) 
  penumbra width (P)  2.5

 (F) 
 (d1)  (d2)  4 [1,3] 

                                                        P = F( d2/ d1 )                                                            (4)
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                    F  
                         d1  
                         d2  
                              

   2.5  

    .                     . 
                                            

 2.6  [1]
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 2.6 .  2.6 .    d1  d2  
 

  2  P  
3 

.  (d2) 
 

.  (d1)  

 
(inverse square law)

.  

2.2 

  
 (magnification) 

 

2.2.1

 2   
  

 
 (hair pin type) 

 



13

 wehnelt cup  
(cross over point)   wehnelt cup   

 
   

 2.7

 2.7   [1]
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2.2.2

 2.8 
 

  a  b 
 5.

                                  M = b/a                                                                               (5)

 2.8  [2]

 (b) 
 d1  d2  

 (F) 
  diffraction fringe 

  
  2.9 

 5.1  5.2 [1]

d2

d1
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                                          F≈δ             ( )         (5.1)

                                          λδ a≈       ( )         (5.2)

                     δ  
                           F  
                           a  
                           λ  

      
. . 

                                                                     
                    

 2.9  [1]

 
20  200   0.1  1.0
µm  

 (depth of focus: dF)  

 2   2.10

F
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 2.10  [1]

2.3

  2   
  

 

2.3.1  (electron gun)

2.3.1.1

  
  2.11 .  2.11 

.  (tungsten filament : F )  V 
  (thermionic 

emission)  (VF)  
  wehnelt : G  

 (A) 
 (triode electron tube)  (VA) 
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 (RG)  
 (IP) 

  self bias 
  

 
  

  

            wehnelt 
 (electrostatic Lens)  

Equipotential Surface 
 (crossover point)  d0 

    
equipotential surface  2.11 .  2.11 . [5,10]  

 7 [5]

                                            2
C

C

2
d
iJ
⎟
⎠
⎞⎜

⎝
⎛

=
π

          A/cm2                                                (7)

            
  

                     Jc =  (A/cm2)
                           ic  =  (A)
                          d   =  (effective
diameter of beam) (cm)

 (brightness) 
 (solid angle) 
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2

2
2

2
d
iB
απ ⎟

⎠
⎞⎜

⎝
⎛

=                 A/cm2. Sr                     (8)

                     B =  (A/cm2. Sr)
                          α =  (semi-angular aperture) (Sr)

  i   =  (A)

           .                                        . equipotential surface
                    

 2.11   equipotential surface [5,10]

2.3.1.2

 (coulomb force) 
 

  
 

 
 binding energy

F

G

A
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 (work function)  
 

 
   2.1 

 2.1   [4]

  4  
.  (thermionic emission) 

 
 

   
.  (photoemission) 
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  (phototube) 
 (PMT) 

.  (secondary emission) 
 

 
 

.  (field emission) 
 

  

2.3.1.3  (electrostatic lens)

  
 

 (equipotential line)  

 

 
 2.12 
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 (converge) 
 

 
 2.13 

  
2.14  unipotential 
lens

 2.12 
 100 V [6]

 2.13 
 [6]

SO

Si
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      2.14  unipotential [6]

 2.13 
 9  10 [6]

                                               1
S
f

S
f

i

i

O

O
=+                                                             (9)

                                              
O

i

i

O

O

i

S
S

f
f

Y
Y

−=                                                          (10)

          fo  
               fi   
               So  
               Si  
               Yo  
               Yi  
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.  (aperture lens)

 (aperture) 
 2  

  2.15  Z 
  11 [7]

 2.15 aperture lens

                                                
12

g

'V'V
V4f
−

=         cm                                          (11)

                    V 1 =  (volttage gradients) 
                                   (V/cm)
                          V 2 =  (volttage gradients) 
                                    (V/cm)
                           Vg =  (V)

.  (cylinder lens)

 2 
 V1  V2  

 2.16 
 (convergent lens)  2  V1 > V2   V2 > V1  Z 
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   V2 > V1  Z < 0  
 (diverge)  Z > 0 

 Z < 0   Z > 0   V1 > V2 
 Z < 0  Z > 0  Z

> 0  Z < 0 

 2.16  [7]

.  (unipotential lens)

 (aperture) 3 
 

  2.17 
 (outer aperture) 

 (center aperture)

 2.17  [7]

center aperture

outer aperture

outer aperture
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.  (cathode lens)

 (cathode) 

  
  cross-over  

 (electron microscope)  2.18

 2.18  [8]

2.3.2  (electromagnetic lens)

2.3.2.1

 
 

 
 (pole pieces)  (yoke) 
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 (gap length,S) 
 (dp)   2.19.

  

 2.19  [9]

 2 
  X (BX) 

  r (Br) 
  12. [7]

                                                         rX BBB rrr
+=                                                          (12)

 X 
 X=0  r 

 X=0 
 2.20   2.21   2 

 13
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dx
dB

2
rB X

r
−

=                                                         (13)

 2.20 

 2.21  2 
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 2.22  
(paraxial-ray equation)  14.   

                                                             rB
mV8

q"r 2
X

−
=                                                    (14)

                    r =  (cylindrical coordinate ) 
                                (r,θ,x)
                          r  =  2  (  x)
                          BX=  X
                          q = 
                          m = 
                          V =            

 (general solution) 
                                                       )x(Q'r)x(Prr OO +=                                                (15)

 2.22 

 2.23
 

 thin magnetic lens   16 [7]
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                                                                2
O 'r
f
r

−=                                                       (16 )

               

 2.23.  [7]

 r = r0  r 2  r 2

 16  (f)  17 [9] 
 (B) 

 
 (V)  

 (B α NI)

                                                  ∫=
l

0

2
X dxB

mV8
q

f
1                                                         (17)

2.3.2.2

 Abbe 

 Airy disc   2.24 . 
 (D)  [10]

r2 ≅ rO
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α
λ

sinn
22.1D =                                                                 (18)

                    D  (m)
                         λ  (m)
                         n 
                        α  (radian)

  2.24 .  
 2 

 (d = D/2) 

                                                        
α
λ

sinn
61.0d=                                                           (19)

 2.24  [10]

. .
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500  (nm) 

  
 nsinα  1.4 

 200  (nm)  2000  

nm200
4.1

)nm500(61.0
d ≈=

 (19) 
 2.25  

  
 

 Abbe  
 0.2 µm

 2.25 

 250 µm
 0.2 µm  1000  
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  (De Broglie)  
  

 

 

                                                              
c

hp ν
=                                                             (20)

 
c
ν   

λ
1  

λ
hp =

                                                           
p
h

=λ                                                           (21)

                    h  Planck  6.62 X 10-34 (J-s)
                            c   2.998 X 108 (m/s)
                            ν  (s-1)
                            p  (kg-m/s)

 m  v  mv 
(21) 

                                                              
mv
h

=λ                                                            (22)

  qe  1.602 X 10-19 coulomb 
  (accelerating voltage) 
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                                                         Vqmv
2
1

e
2 =                                                          (23)

 (23)

Vmq2
h

)
m

Vq2(m
h

e

2

e2

2
==λ

                                                  810X
V

150 −≈                                    Å                      (24)

 V  (Volt)

 50 kV 
 (m0)  

 
2

0

)
c
v(1

mm
−

=

                                                      2

0
)

c
v(1

vm
h

−=λ                                                 (25)

                                                          qeV = mc2  m0c2                                                  (26)

  50 kV 
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2

22
e

e0
c

VqVqm2

h

+
=λ               Å

                                                   
V10X788.91.V

26.12
7−+

=           Å              (27)

                                          
V
3.12

≈λ                                Å              (28)

 (28)  
   60 kV 

 0.05 Å  
  

  (aperture) 
 sinα ≈ α  1 

 (  19)  λ  (28) 

                                                
V

5.7
Vsinn
)3.12(61.0d

αα
≈=           Å                   (29)

 100 kV  α  10-2 radian

                                                  d = 2.4                                           Å
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2.3.2.3

 (aberrations) 
 

.  (geometric aberration) 
 

 
 (gaussian plan) 

 disc of least confusion  spherical 
aberration   2.26

 2.26 spherical aberration [8]

 (least of aberration circle) 

                                                             3
SS C

2
1r2 α=                                                    (30)

CS  spherical aberration coefficient

.  (asymmetric aberration) 
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  axial stigmatism   2.27

 2.27 axial stigmatism [8]

                                                            α∆ AA fr2 =                                                        (31)

∆fA   stigmatic foci

.  (wave optical aberration) 

 (Airy disc)  aperture 
  α  

   diffraction aberration  
 2.28
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 2.28 diffraction aberration [8]
 Airy 

                                               
α
λ22.1r2 D =                                                    (32)

λ = 

.  (aberration due to 
instability) 

 (E)  

  
 chromatic aberration   2.29

 2.29 chromatic aberration [8]
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E

ECr2 CC
∆α=                                                       (33)

∆E = 
Cc = chromatic aberration coefficient

 
   Chromatic aberration 

  
  

stigmatism correction   spherical  diffraction 
  2 

 (α)  2.30  O.Scherzer [8] 
 

 (dmin)  α  objective aperture  (αopt) 

                                                4 S
3

min C0.43d λ=                                                         (34)

                                            4
Sopt C/λα =                                                            (35)



39

 2.30  spherical  diffraction

2.3.3   (target)

 
 

 
 

 
 

  

 2.31
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                             2.31.  [1]

 
Au, Ta, Ti, Sc  Ge  5  10 Å

 10  
 

   
 

 2.2 
 2.32

 2.2 
  [1,11]
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 2.32 
 [1,11]



 3

 

 
 (penumbra)  

  
    

 

3.1

  (SEM)   
wehnelt   JEOL  T220 

 (stainless steel)  25 mm 
 3 mm 

 3.1  3.2  3.3  
 101.6 mm

 3.1 
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 3.2 wehnelt 

 3.3 

 
 4 cm 

 
 1  3 V  2 A 

 

 220 Vac  (T1,T2)  1:1
  311 Vdc 

 20  200 V  (series regulator) 
 Q1,Q2,Q3  Q4  (step-down 
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transformer)  NP:NS  20:1 
 40 kV (  .)

 (Flyback 
converter with reset winding) [13]  15 kHz  MC34063 

 duty cycle = 15 %  IRFPG50 
  3.4

 3.4 

 (wehnelt)  100 
Ω 2  2   
250 kΩ  3.3 MΩ 

  wehnelt  3.3 
MΩ  

 3.5
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 3.5  whenelt

3.2

 0  40  
 500  

   3.6

 3.6 

0-40 kV50 Hz

220 Vac

kV
display

   HT outDC
Power supply

    DC→AC
Converter (HF)

Step up
Transformer

Voltage
Multiplier

Feedback

HV adj
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3.2.1  (DC power supply) 
 0-30   2 A 

  2   
 (preregulator)  (main regulator) 

  
 T2 

 43 V 
 P-channel Q1 (IRFP9240)  L1  C3 

 (PWM)  IC5
 opto isolation transistor  IC6 (LM311) 

 voltage comparator  
 

3-terminals (TL783C)  700 mA  4  (IC1-IC4) 
 2 A  0-30  

IC7 TL081  Q2 (MPS3904)  0-5  
 0-40 kV  3.7

 3.7 
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3.2.2  
 

  N-channel IRFPG50 
 (step-up transformer)  1:312 (  .) 

 MC34063  duty cycle 15%  15 
kHz  8 kV  5 

 (positive ground)  40 kV  
500 µA  C13-C17 

  0-40 kV 
 IC7 (voltage comparator) 

 
 3.8

 3.8 

3.3

 (yoke) 
 

 98% 
 0.2 %  

 101.6 mm  
 9 mm  45 mm
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 gun chamber 
  3.9  (pole 

piece)  3  
 15 mm  2 

 
  

 aperture  500 µm  200 µm  
 (bore size, D)  2 mm  

(gap length, S) 1.5 mm  S/D = 0.75 

 3.10

 3.9 

( )
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 3.10 

(  .)  SWG  25  1  
 2380   2380 NI 

 
  3.11

 3.11 

ANODE

 1

 2

 3

O-ring

APERTURE  500  µm

O-ring

APERTURE  200  µm

 ( )

 1

 2

 3

µm

µm

yoke

anode chamber
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3.4

  (turbo 
molecular)  LEYBOLD VAKUUM GMBH  

 50   72000  
  

 (rotary pump)  100  
 10-2 torr 

  30-45   10-5-10-6 torr 

  leak valve  
 3.12

 3.12 

ELECTRON GUN
CHAMBER

CHAMBER

ROTARY PUMP

HIGH VACUUM GAGE

TURBO MOLECULAR
PUMP

REDUCER CROSS

CLAMP

LOW  VACUUM
GAGE

LEAK
VALVE

ELETRONIC FREQUENCY
CONVERTER

(TURBOTRONIK NT 10)

CENTER RING
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3.5

 152.4 mm  152.4 mm 
 101.6 mm  O-ring 

  3.13 
 2 

  leak valve  2 
cm  (epoxy) 

 3  
  3.14

 3.13 

 3.14 

O-ring

Leak
valve
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 A Simple X-
Ray Microscope for SEM  [12] 

 ion sputtering 
 

 40 mm  30 mm   41 X 59 
mm2   (x-ray chamber) 

   
   3.15

 3.15  [12]
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 3.16 
  

 (HV tank) 
 

 3.16 

Electron gun
power supply

HV tank

Column
electron optic

Electron lens
supply

Rotary pump



 4

 

4.1

4.1.1
4.1.1.1   Hewlett Packard model 3476B  HV 

probe model 34111A
 4.1.1.2  (oscilloscope)  Tektronix model 465  

probe model P6109B
4.1.1.3  (digital multimeter)  Fluke model 8840 A

4.1.2
4.1.2.1  4.1
4.1.2.2  0-40 kV 

   1.3  40 kV 
 4.1  4.2

4.1.2.3  0-30 kV  300 
MΩ  100 µA   4.2  4.3

4.1.2.4  20-
200 V  1.5 A  2.4 V 0.5 A  3  

 200 V  15 kHz  
2 VP-P 

 120 µA 
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 4.1 

 4.1 

( ) ( )
0.76 -1.30
2.62 -4.40
5.00 -8.77
7.35 -13.4
9.75 -17.5
12.2 -21.8
14.9 -25.7
17.7 -30.1
20.4 -34.3
23.2 -38.0
23.6 -40.0

220 Vac

50 Hz

DC power
supply

Filament
switching supply

High voltage
power supply

Filament
power supply

HV digital
multimeter

oscilloscope

load

lamp

Digital multimeter

Digital multimeter
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 4.2 

 4.2 
 100 µA

( ) ( )
0.74 -0.86
3.51 -4.41
6.67 -8.76
9.92 -13.3

13.21 -17.5
16.94 -21.5
21.04 -25.8
23.84 -30.0

R2 = 0.9978

y = 1.6585x + 0.6769

0
10
20
30
40
50

0 5 10 15 20 25

( )

(
)
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 4.3  100 µA

4.2

4.2.1
       4.4

 4.4 

 4.4 

REDUCER CROSS

TURBO MOLECULAR
PUMP

LEAK
VALVE

ROTARY PUMP

y = 1.2167x + 0.5475
R2 = 0.9966

0
10
20
30
40
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( )

(
)

ELECTRON GUN
CHAMBER

ELECTRONIC FREQUENCY
CONVERTER

(TURBOTRONIK NT 10)

CHAMBER

LOW VACUUM
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HIGH VACUUM GAGE

CLAMP

CENTER RING
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4.2.2

 10-2  torr 
  

 4.3

 4.3 

( )  ( )  ( )
0 - -

4 2.3 x 10-2 -

7 2.1 x 10-2 1.7 x 10-4

10 1.9 x 10-2 1.4 x 10-4

20 1.7 x 10-2 1.1 x 10-4

30 1.6 x 10-2 8.3 x 10-5

45 1.5 x 10-2 4.2x 10-5

60 1.5 x 10-2 3.2 x 10-5

75 1.5 x 10-2 3.0 x 10-5

90 1.5 x 10-2 2.9 x 10-5

4.3 

4.3.1
4.3.1.1  6.5 x 6.5 cm2

4.3.1.2 
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4.3.2 
4.3.2.1 

 4.5  5 cm 

 5 x 10-5 torr 
 10 kV 

 4.6  
 

4.3.2.2   
 10 MΩ  20 kV 
 2  12 V 

 1.2 µA 
 5 nA  1 kHz 

 4.7  120 µA

 4.5 

E-gun power
supply

HV tank

Column electron
optic

Electron lens
supply

Rotary pump

Display vacuum
degree
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 4.6  10 

 4.7 

4.4 

4.4.1
4.4.1.1  Fuji   FG

orthochomatic
4.4.1.2 
4.4.1.3  
4.4.1.4 

 10 MΩ



61

4.4.2
     4.4.2.1 

 2  
 4.8  4.9  

 5 x 10-5 torr  18 kV 

 500 nA  18 kV 
 20   4.10  4.11

      4.4.2.2 
 4.4.2.1 

 5   18 kV  20   
4.12 .  4.12 . 

 edge spread function 
 (microdensitometer) 

  4.12 
 4.13  

(penumbra)  0.45 mm 
 112.5 µm 

 (P)  = 9 pixels x 0.05 mm (resolution 
 4.14)

                                                     = 0.45 mm

  4 
                              (F)  =    P(d1/d2) , d1 = 0.5 cm , d2 = 2 cm
                                                     =    (0.45 mm)( 0.5 cm/2 cm)
                                                     =    112.5 µm
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 4.8 

 4.9 
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   .                     . 
         18 kV  20                        
                                                                                         18 kV   30 

 4.10  2   3
  6  

JEOL  35 CF

         .                              . 
                                                                                           

 4.11  2   5
  10  

JEOL  35 CF
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.  5   3   15 

.  5   5   25 

 4.12  (aperture)  1 mm

  1 cm

1 cm
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 4.13 

 4.14 

0
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9  Pixel



 5

5.1 

5.1.1 
  0-40 kV 

 120 µA  1.2 µA  
5 nA  5 x 10-5 torr 

 
 

5.1.2 

 
 

 5   40-60  
 1-2    5 

 

5.1.3  50 µm 
 100 nA  18 KeV 

 (aperture)  5    edge 
spread function  

 112.5 µm
5.1.4  2   

20   
 

 30   
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5.2 

5.2.1 
  

  
  5.1 [14]

 (axis alignment)

 5.1 
 [14]

5.2.2 
 

 
 

 
 

5.2.3 
 (112.5 µm)  

  

Specimen
plane
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[2]  (Scanning Electron 
Microscope : SEM) 

 5 µm [14]

5.3 

5.3.1 

  3 

5.3.2 

 1  

5.3.3  
(axis alignment coil)  

5.3.4 
 (real time)  

 (Scanning Electron Microscope : SEM)

5.3.5 
 O-

ring
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 .

 (flyback) 
 15 kHz 

 40 kV 
  2 . . 

f     = 15 kHz
Bmax = 0.09 T (900 G)
Vp    = 200 V
VS    = 10 V
ID     = 800 Circular mils/A
IP     = 20 mA
IS     = 1.5 A
Ae    = 2.3 cm2

Ton = duty cycle x T
     = 0.15 x 66.67
     = 10 µs

NP = [VP x Ton]/ [Bmax x Ae]
     = [200 x 10 x 10-6]/ [0.09 x 2.3 x 10-4]
     = 96.62 

NR/NP = (1-k)/k

 k = duty cycle
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NR = [(1-0.15)/0.15] x 96.62
     = 547.51 

 = IP x ID

                = 20 x 10-3 x 800
                = 16 Circular mils

 AWG  37
 AWG  37  100 

 550 

NS = NP x (VS/VP)
     = 100 x (10/200)
     = 5 

 = IS x ID

                = 1.5 x 800
                = 1200 Circular mils

 AWG  19
 AWG  19  5 
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 .

 
 

 5  

f     = 15 kHz
Bmax = 0.09 T (900 G)
Vp    = 30 V
VS    = 8 kV
ID     = 800 Circular mils/A
IP     = 2 A
IS     = 500 µA
Ae    = 2.3 cm2

Ton = duty cycle x T
     = 0.15 x 66.67
     = 10 µs
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NP = [VP x Ton]/ [Bmax x Ae]
     = [30 x 10 x 10-6]/ [0.09 x 2.3 x 10-4]
     = 14.49 

 = IP x ID

                = 2 x 800
                = 1600 Circular mils

 AWG  19
 AWG  19  20 

NS = NP x (VS/VP)
     = 20 x (8 x 103 / 30)
     = 5333.33 

 = IS x ID

                = 500 x 10-6 x 800
                = 0.4 Circular mils

 AWG  42
 AWG  42  6248 
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 .

 (yoke) 

 NI = 2500 amps-turn  
 V = 30 V , I = 1 A

 N = NI/I = (2500)/1 = 2500 turns
 ρ = 1.9 x 10-6 Ω-cm

ab = [4ρD(NI)2] / (VI)

 D = 
               = 4.5 cm

ab = [4 x 1.9 x 10-6 x 4.5 x (2500)2] / (30 x 1)
                                          = 7.125 cm2

 a = 2.5 cm , b = 2.85 cm , D = 4.5 cm
, d

N
abd =

         = 
2500

125.7

a a26 mm

bb

D
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= 0.05338 cm

 SWG  25

-  SWG  25   2380 turns  NI  
2380 amps-turn

-  a  b   2.7 cm  3.3 cm
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     28   . .2518    
    

     
 2540   

 2542      
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