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Abstract

In order to increase net currents of the negative pionlike 7~ or muonlike (i~ particle under the
method due to an electron and positive ion bunch, positive ions from the outside plasma must be
supplied along the orbit of 7~ or g~ paiticle within the mass analyzer MA. This fact 1s proved
experimentally by varying an injection position of the positive 1on beam and the second electron
beam to the analyzing magnetic field of MA, or by setting a metal plate which limits positive ions
along the m~ or g~ particle orbit. A theoretical net current as true negative pion or muon is

estimated, which agrees roughly with the corresponding experimental value.
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1. Introduction

On the productions of negative pionlike 7~ or muonhke g~ particles by the electron and
positive 1on bunch-method!’ and by the H, or D gas discharge along magnetic field?), it has been
reported already that the apparent current of 7~ or u~ particle is much increased by supplying
positive ions**! in front of the beam collector BC of mass analyzer MA and by applying a
positive bias voltage (Vs> 0) to BC. However, for practical applications, the net current of m~ or
™ particle (when the beam collector bias voltage Vs = 0) is very important. In this paper, we will
investigate some conditions to increase the net current of 7~ or y™ particle to BC in relation with

the supply of positive ions along the orbit of Zz~ or i~ particle within MA.

2. Ordinary experiment

Schematic diagrams of the experimental apparatus'’ are shown in Fig. 1 and Fig. 2. The first
electron beam (F.E.B.) is stopped critically in front of the entrance slit S by an electrical potential
of the decelerator D connected to the cathode of the electron gun. Next, a neutral gas is introduced
into the first electron beam region and a plasma is produced through ionization of the gas. Then,
positive ions of the plasma are accelerated in front of S, while a positive ion beam with an energy
corresponding to the first electron beam acceleration voltage V 4 is injected into the magnetic field
region through S. Moreover, the stopped beam electrons are reaccelerated electrically toward the
gap between two magnetic poles (N) and (S) through S, while the injected ion beam is decelerated
electrically and stopped in the gap. The electrically reaccelerated electrons are injected perpendicu-
larly to the magnetic field (Byy) and bunched in cyclotron motions of small radius.

As shown in Fig. 2, the above magnetic system is used as a mass analyzer (MA) of 90° type
when the beam collector BC is arranged. The analyzing curvature radius ris 4.3 cm. It should be
noted that the back space of the beam collector BC is surrounded by an insulator Ins. to interrupt
the diffusion of positive ions from the secondary plasma S.P.3. This detection method of pionlike
particles has reported already for the H, gas discharge plasma®.

A fringe magnetic field distribution of the analyzing magnetic field By under a magnetic coil
current of 1A, is shown in Fig. 3 for two different metal plates as the entrance plate (decelerator D)
of Fig. 1 and Fig. 2. In this experiment, the iron (Fe) plate is used and the fringe magnetic field 15

much reduced.



The distribution of electrically applied potential are shown in Fig. 4. The first electron beam
from the electron gun is perfectly reflected in front of the entrance slit S of the magnetic mass
analyzer MA while a plasma is produced by a gas (air) ionization. Then, a positive ion beam is
injected into MA through the slit S and the second electron beam is produced by reacceleration of
the plasma electrons. It should be noted that the injected positive ton beam (15) is decelerated and
stopped electrically, and that the second electron beam (e;) suffers a magnetron (cyclotron) motion
in the uniform magnetic field (which is used as the analyzing magnetic field of MA). As a result,
both the electron beam and positive ion beam will be bunched within the small space.at the
entrance X of the uniform magnetic field.

Thus, we can expect a coherent interaction between the bunched electrons and positive ions.

For the first experiment of Fig. 2, dependences of a negative current I” to the beam collector
BC on the analyzing magnetic field By are shown in Fig. 5 for a first electron beam acceleration
voltage V4 of 1 kV under a positive bias voltage Vg of the beam collector Vg = 100V. Here, we
find that.an analyzing relation of the negative muon g~ is satisfied for the first peak of negative
current I, if we assume that the effective acceleration voltage Vg is twice of the first electron beam
acceleration: voltage V4. That is, the following relation s found: From the analyzing magnetic field
Bnm where the negative current shows a peak, the curvature radius r of the mass analyzer and the

effective acceleration voltage Vg, we can estimate the mass m of the negatively charge particle by, -

_ Ze(Bwmr)
m=""ve

8.8 x 1072 Z (Byr)?* me : L
= Ve s e e (N

where e is the electron charge, By is in gauss unit, 7 is in cm unit, Vg is in volt unit and me 1s the
electron mass and Z is the charge number. For the curvature radius r = 4.3 cm of this mass ana-

lyzer, the Eq. (1) is rewritten by



From Eq. (2) and the experimental conditions for the first peak of I of Fig 5. we obtain m = m,
= 200 me under Vg = 2V 4 = 2 kV and By = 510 gauss, assuming that Z = 1. This expenmental
result means that negative muonlike particles ¢ are produced (because the typical muon mass is
near 207 me).

Moreover. we find the second peak of I” in Fig. 3. From Eq. (2) and the experimental condi-
tions, we obtain m = m» = 285 me under Vg = 2 kV and By = 595 gauss. This mass my 1s near
the typical pion mass (273 me). That is. negative pionlike particles 7 are produced also.

To investigate a relation between a net current and an apparent current of the 7~ or (£~ particles
to the beam collector BC. dependences of a negative current I” to BC on the analyzing magnetic
field By are determined in Fig. 6 under two bias voltages of Vg =0V and Vg = 100V (at the first
electron beam acceleration voltage V4 = 1 kV}. In Fig. 6. we find that the peaks (corresponding to
7~ or i) of the negative current I” mncrease about 60 times under the positive bias voltage Vs =
100V in comparison with that under Vs = 0V. These large apparent increments of negative current
peaks under the positive potential Vg > 0 of the beam collector BC. have been explained by the

positive ions in front of BC and secondary electrons inside BCH.

3. Difference between two injection position

In the experiments up to now. a position Yo injecting the ion beam (1.B.) and the secondary
electron beam (S.E.B.) as shown in Fig. 7 has been fixed at Yq = 0.7 cm within MA. The
experimental results have been shown in Fig. 6 already for two beam collector bias voltages Vg =
OV and Vg = 100V.

Next. to adjust the supply of positive ions along the orbit of the 7~ or i~ particles within MA,
another injection position Y is determined at Y; = 3.0 cm as shown in Fig. 8. Thus, dependences
of the beam collector current 1™ on the analyzing magnetic field By are shown in Fig. 9 corre-
sponding to Fig. 6 (the case of Yg). Then. we find that the net current peak (at Vs =0V)is much
reduced to about 1/50 while the apparent current peak {at Vg = 100V) of g~ is reduced by only
about 1/3.5. We consider that the differences of I” peaks between the two cases of Yg and Y are
caused by the differences of the supply of positive ions (+lon) which come from the secondary
plasma S.P. to the analyzing magnetic field region of MA as shown 1 Fig. 7 and Fig. 8. That is.

the supply of positive ions along the orbit of 7~ or y~ particle is sufficient In the case of Yo =0.7

—_3



cm and 1s not sufficient in the other case of Y| = 3.0 cm. This difference between the two cases of
Y and Y; becomes more clear when the first electron beam (F.E.B.) current I increases. In Fig.
10, dependences of I on By for Yy and Y| are shown under I, = 30 mA at Vg = OV. There. the
peak current of I" for Y is proportional to I as understood from Fig. 6 while the other peak cur-
rent of I" for Y, is saturated. In conclusion, the net current of gt~ particle (at Vg = 0) depends on
the positive ion supply along the orbit within MA while the apparent current (at Vg > Q) depends

on the positive ion supply in front of BC.

4. Positive ion limit along orbit

As shown in Fig. 11, the positive ions along the orbit of 7~ or g~ particle are limited by set-
ting a metal plate OMP. Thus, dependences of the negative currents I” to BC on By are
determined in Fig. 12 under Vg = 0 (net current) and Vg = 100V {apparent current). In
compartson with the case of Fig. 6 (without OMP), the net current is much reduced below 1/50
while the apparent current stays about 1/10. Here, even if the first electron beam current I, is

increased to about 30 mA, the net current of ¢ particle is saturated below 0.02 UA.

5. Theoretical pet currents

A net current as true negative pion (7~ meson) has been theoretically estimated!) from a
power balance and a cyclotron confinement of the injected electron beam: To produce one 7
meson, an energy of Ex = 139.6 MeV or 2.2 x 107! Joule is required for the electron beam.
Thus, a net current It~ (A) of the produced 7~ meson is estimated from an effective electron

beam power Wer (W) injected into the mass analyzer, if the kinetic energy of 7~ is neglected, by

eWef

i = E,

ZA R L 777N W (3)

When the 7~ meson is detected at the beam collector position, the cyclotron radius of 7~ is
equal to the analyzing radius = 4.3 cm of the mass analyzer. At this magnetic field intensity of

the mass analyzer, the electron cyclotron radius is estimated to be about ro = 0.26 c¢m from the
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mass ratio of m-/me = 273, if the 7~ and the electron are accelerated at the same potential (2 Va).
Then, the flight time of 7~ from the production position X to the beam collector BCis tg =
(27r/4) v 7. where vy is the velocity of 77, During the flight ime ty. the number of the electron
cyclotron motions are estimated to be td 2 relve) = (1/4) (r/re) (ve/vy). where ve 15 the electron
velocity and (27tre Ve ) = Lo means a time of one electron cyclotron motion. As the (#/re) (Ve/vy) 18
equal to the mass ratio my/me = 273, the number of eleciron cyclotron motion is determined to be
about 68 times.

Here, if the cyclotron motions of about 68 times of the beam electrons inside the mass ana-

lyzer is considered as an energy multiplication due to a kind of confinement, Eq. (3) is rewritten

by,

f

I~ = 5.5x 1077 Wy, (uA)

5.5 % 1077 ToVi (HAY.  coreeoeeooeooeemeessiess e (4)

where W, is an usual electron beam power (W unit), and I, and Vy are the injected electron beam
current (UA) and the effective electron beam acceleration voltage (V).

Another net current as negative true muon U~ particle has been also estimated already”): To
produce one negative true muon Y- particle, an energy of E; = 105.7 MeV or 1.7 x 10711 Joule is
required for the electron beam. Thus, a net current Ii™ (#A) of the produced true negative muons is
estimated from an effective electron beam power Wer (W) injected into the mass analyzer, if the

kinetic energy of i is neglected, by

I _ €Wef
t =~
Ey

9.4 X 107 Wef (LLA).  coorereeeeeeereereeeresssesessrmesessniassscesssensee (5)

At the productions of the gt~ particles, we can estimate that the electron cyclotron radius is
about 7o = /14 = 0.3 cm when the g~ particles arrive at the beam collector position r = 4.3 cm (an
analyzing radius of the mass analyzer), because the peak of ™ appears at a magnetic field 14 times

Jarger that for the electron beam. Then, the number of times of the electron cyclotron motions are
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about 50 times, which are determined from (1/4) (#/re) (ve/vy), where ve and v, are the electron
velocity and the p~ particle velocity.

Here, if the cyclotron motions of about 50 times of the beam electrons inside the mass
analyzer is considered as an energy multiplications due to a kind of confinement, Eq. (5) is

rewritten by,

4.7 x 107 Wy (uA)

=
I
h

4T X107 IpVh (A, covreeeeeeeeereereeeereesee e sreeseseesseseesreseneeeson (6)

where Wy, is an usual electron beam power (W unit), and I and Vy, are the injected electron beam
current (A} and be effective electron beam acceleration voltage (V). As a result, the net current of
L~ particle 1s estimated to be almost the same with that of 7~ particle. Thus, if our experimental
conditions are adopted for Eq. (6), that is, VL, =2 V4 =2 X 10°v {(Va =1 kV) and the injected
electron beam current I = 10° UA (as about 1/3 of I5 = 3 mA) are used, we obtain the theoretical
net current Iy~ = 1.0 gA while I;™ is near the experimental net current (peak of I™ as g~ particle in

Fig. 6).

6. Consideration on some effect of the positive ions

It is an experimental fact that the positive ion supply along the M~ or ™ particle orbit is very
important to increase the net current increment of the (4~ particle. However, the experimental fact is
not always related with a space charge neutralization of y~ particle, because the net current of i~
particle is too small to cause the self-space charge repulsion of 4~ particles. We consider that some
elementary particle tlheory must be applhed to explatn the experimental fact. That is, the experimen-

tal fact is not explained from the classical charged particle theories.

7. Variation of additional potential +V 4
Up to this report, we have assumed that an effective acceleration potential Vg is twice of the
applied acceleration potential V4 in order to explain the experimental values as the pionlike (77) or

muonlike (47} particle. However, we find that the Vg corresponding to the net current peak
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approaches the V4 as seen in Fig. 6 while the positive 1ons are supphed along the orbit of g7 That
is. the additional potential +V 4 as shown in Fig. 4 decrcases when the positive ions increase along

the particle orbit. The more precise mechanism for the +V 4 must be discussed i future.
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Figure Captions

Fig. 1 and Fig. 2: Schematic diagrams of the experimental apparatus.

Fig. 3

Fig. 4

F: Filament as electron emitter. K: Cathode of electron gun. A: Anode of electron gun.
V 41 Initial electron acceleration voltage. 14: Total negative current. F.E.B.: First electron
beam. G: Neutral gas. D: Decelerator of F.E.B. S: Entrance slit (3 mm X 10 mm). Ins:
Insulator. I.B.: Ton beam. S.E.B.: Second electron beam. e: Electrons with cyclotron
motions. 4 Negative muonlike particle. (MA): Mass analyzer. Fe: Iron. C: Magnetic
Coil. (N): North pole of electro-magnet. (S): South pole. By: Analyzing magnetic field.
BC: Beam collector. I™: Negative current to BC. Vg: Bias voltage of BC with respect to
mass analyzer body. S.P.: Secondary plasma inside (MA). X: Entrance of uniform mag-

netic field. i: lon bunch. 77: Negative pionlike particle. +lon: Positive 1on.

Fringe magnetic field distribution (at 1A of magnetic coil current).

Bwm: Analyzing magnetic field of (MA). Bo: Uniform magnetic field inside (MA). X:
End of uniform magnetic field. S: Entrance slit position. Fe: Magnetic field distribution
in a case using iron plate as D in Fig. 1. Cu: Magnetic field distribution in a case using

copper plate as D in Fig. 1.

Applied electrical potential distribution

V: Electrical potential. V 4: Initial potential (voltage) of electron gun anode. Vg: Effective
potential for y (negative muonlike particle) and 7~ (negative pionlike particle). eq: Initial
electrons from electron gun cathode. e;: First electron beam. e;: Second electron beam.
i;: Positive ion beam from plasma. i5: Second positive ion beam. e-B: Electron bunch
due to magnetic cyclotron motion. i-B: Positive ion bunch due to electrical retardation.
K: Cathode position of electron gun. A: Anode position of electron gun. S: Slit position
of mass analyzer. X: Entrance position of analyzing uniform magnetic field. +V4:

Additional potential generated by stopping the positive jon beam.



Fig. 5

Fig. 6

Fig. 7

Fig. 8

Fig. 9

Fig. 10

Fig.

Fig.

11

12

Dependence of the negative beam collector current I” on the analyzing magnetic field By
under the initial electron acceleration voltage V4 = 1 kV and the total anode carrent [, = 3
mA.

Beam collector bias voltage Vg = 100V. Neutral gas pressure is 1 x 107 Torr (Ar gas)
in the first electron beam region. 4™ (means negative muonlike particle). 77 (means

negative pionlike particle). e: (means electron).

Dependences of I on By under V4 =1kV and I, = 3 mA.
(1) Vg =0V_(2): Vg = 100V,

Ordinary injection position of positive ion beam and secondary electron bearm.
Yo: 0.7 cm. +lon: Positive ions which come from the secondary plasma S.P..

{(See captions of Fig. 1 and Fig. 2).

New injection position Y;: 3.0 cm.

(See captions of Fig. 1 and Fig. 2, and Fig. 7).

Dependence of I” on By under VA = 1 kV and Ix = 3 mA at new injection position Y| =
3.0 cm.
(1): Beam collector bias voltage Vg =0V. (2): Vs = 100V.

(See captions of Fig. 5 also).

Comparison between I” characteristic at Yy and I” characteristic at Y; under I, = 30 mA.

Yo: Ordinary injection position. Y: New injection position.

Schematic diagram with a metal plate OMP which limits positive ions along the orbit of
Tor .
Yo 0.7 cm.

{See capiions of Fig. 1, Fig. 2 and Fig. 7)

Dependence of I” on By under limit of positive ions by a metal plate OMP.
Yo: 0.7 cm. Vp = 1 kV and Ix = 3 mA. (1): Vs = OV (net current). (2): Vg = 100V

(apparent current).
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Appendix

For the 7~ or g~ particles extracted from the Hs gas discharge as shown in Figs. Al (A) and
A1 (B). it has been reported’ that the apparent current of 77~ or 4~ particle to BC of MA increases
extremely when the positive ions are supplied in front of BC through scattering H™ ions by the
back metal plate BMP as shown in Fig. A[ (B). However. the positive 1ons are not supplied along
the 7~ or ™ particle orbit within MA as the secondary plasma 5.P. under the electron and positive
ion bunch-method does not exist around the analyzing magnetic iron. Therefore, the net current of
the 7z~ or y~ particles 1n this low energy (800 eV) will be Iimited to some small value because of
the lack of positive ions and will not depend on the injection position Y as shown in Fig. Al (B).
In fact, both the apparent currents (at Vge = 75V) and the net currents (at Vge = 0V) of the 7~ or
{4~ particle do not depend on the injection position Y as shown in Figs. A2 (A) and (B) evenif Y

1s varied from 0.7 cm to 3.0 cm. Moreover. the net currents remain to the smatl currents.

— i —



Fig. Al (A)

Fig. Al (B)

Figure Captions of Appendix

Schematic diagram of experimental apparatus.

I: Cylindrical plasma in discharge anode. 2: Discharge cathode. 3: H, gas flow. 4:
Discharge power supply. 5: Electron acceleration power supply. 6: Vacuum pump. 7:
Area where cylindrical plasma is transformed into sheet plasma. 8: Insulation tube. 9:
A pair of permanent magnets. 10: Magnetic field coils. 11: Electron acceleration an-
ode. I: Current to electron acceleration anode. CP: Cylindrical plasma. SP: Sheet
plasma. Bz: Magnetic field. L: First extraction electrode. M: Second extraction elec-
trode. E: Final extraction electrode. Vyy: Potential (variable) of second extraction
electrode with respect to electron acceleration anode. Vg: Potential (800V) of final ex-
traction electrode with respect to electron acceleration anode. MA: Magnetic deflec-
tion (90°) mass analyzer. Bys: Magnetic field intensity of MA. BC: Beam collector of
MA. Vgc: Positive potential of BC with respect to MA. I™: Negative current to BC.
Hg: Hydrogen negative ions outside of sheet plasma. H™: Accelerated hydrogen
negative ions. wo: Negative pionlike particles outside of sheet plasma. x—:

Accelerated negative pionlike particles.

Schematic diagram of mass analyzer.
S: Entrance slit position. X: Entrance of uniform magnetic field.
Ins: Insulator behind BC. +Ion: Positive ions in front of BC. Fe: shows Iron. Y:

Injection position to analyzing magnetic field.

Fig. A2 (A) Dependences of negative current I” to BC on magnetic field intensity By of MA

under beam collector potential Vpc = OV.

(1): Potential of second extraction electrode Vyy = 300V. (2): Vyy = 75V. H™: Peak of
I” corresponding to hydrogen negative ion. 77: Peak of I” corresponding to negative
pionlike particle. y~: Peak of I” comresponding to negative muonlike particle. ¢y peak

of I corresponding to high energy electron. Y: Injection positions.
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Fig. A2 (B} Dependence of I” to BC on By of MA under Vge = 75V.
(1): Vy = 300V. (2): Vg =75V H™. 7, u~. ey: See captions of Fig. A2 (A). Y:

Injection positions.
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