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Abstract

Both negative pionlike (77) or muoniike (47) particles and positive pioniike (7*) or muonlike
(i) pasticles are created by an electron bunch and a positive 1on bunch which are generated from a
low energy (~1 keV) electron beam and a neutral gas, which are detected by a magnetic mass
analyzer (MA). Then, the ™ and y~ particles are detected easily as the apparent current to the beam
collector (BC) of MA increases extremely when a positive bias voltage is applied to BC and
positive ions are supplied in front of BC. On the other hand, it is difficult to detect the 7" and p*
particles as the apparent current increment on BC and the space charge neutralization inside MA do
not occur. It should be noted that the 7+ or ™ particles do not peneirate a metal plate while the 7~

or 4~ particles penetrate the metal plate easily.

Keywords: negative pionlike particle 7, positive pionlike particle 77,

apparem current Increment.



1. Introduction

It has been reported already'’ that negative pionlike (7™} particies are extracted from the
outside region of the H, gas discharge plasma in magnetic fields, and that a special detection
method?-? for the 7~ particles is necessary. Recently, it is found out¥ that the apparent current of
the 7~ particles or the negative muonlike (1) particles to the beam collector BC of the magnetic
mass analyzer MA abruptly increases, if positive ions exist around BC and the beam collector bias
voltage Vg 1s positive (Vg > 0) with respect to the mass analyzer MA itself. The positive ions are
supplied secondarily from reflection of the H™ ions.

On the other hand, the 7~ or &~ particles have produced under a different production method
using an electron beam and a positive ion beamn. There, the electron beam 1s bunched magnetically
and the positive ion beam is bunched electrically. In this method, positive ions are supplied also
from a secondary plasma (S.P.) around the beam collector BC as shown in Fig. 1 and Fig. 2. In
this paper, we will investigate a similar effect for an apparent current of the 7~ or ¢~ particles to
BC when the bias voltage Vs of BC is positive (Vg > 0). Moreover, in relation with the apparent
current increment of 777 or 1 and the space charge compensation due to the positive 1ons from the
S.P., a positive pionlike (7™} or muonlike (u*) particle will be researched by reversing the
analyzing magnetic field of mass analyzer MA as a pair creation of pionlike or muonlike particle is

expected to be produced by interaction between an electron bunch and a positive ion bunch.

2. Ordinary experiment

Schematic diagrams of the experimental apparatus> are shown in Fig. | 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
mto the first electron beam region and a plasma 1s 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 V4 1s 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 1on beam is decelerated
electrically and stopped in the gap. The eiectrically reaccelerated electrons are 1njected perpendicu-

larly to the magnetic field (By) and bunched in cyclotron motions of small radius.
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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 r is 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.¥. 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 is
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 ion beam (i») is decelerated and
stopped electrically, and that the second electron beam (e») suffers a magnetron (cyclotron) motion
in the uniform magnetic field (which 1s 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 o 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 ™ 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 is found: From the analyzing magnetic field
B where the negative current shows a peak, the curvature radius r of the mass analyzer and the

effective acceleration voitage Vg, we can estimate the mass m of the negatively charge particle by,
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where ¢ is the electron charge, By is in gauss unit, r is in c¢m unit, Vg 1s in volt unit and me is 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) 1s rewritten by

From Eq. (2) and the experimental conditions for the first peak of I of Fig. 5, we obtain m = m;
= 200 mg under Vg = 2V, = 2 kV and By = 510 gauss, assuming that Z = [. This experimental
result means that negative muonlike particles (4~ are produced (because the typical muon mass 15
near 207 me).

Moreover, we find the second peak of I in Fig. 5. From Eq. (2) and the experimemntal
conditions, we obtain m = my = 285 me under Vg = 2 kV and By = 595 gauss. This mass mj is

near the typical pion mass (273 me). That is, negative pionlike particles 7~ are produced also.

3. Net current and Apparent current

To investigate a relation between a net current and an apparent current of the 7~ or 4~ 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 voitage V4 = 1 kV). In Fig. 6, we find that the peaks (corresponding to
7~ or i) of the negative current I increase about 60 times under the positive bias voltage Vs =
100V in comparison with that under Vg = OV. These large apparent increments of negative current
peaks under the positive potential Vg > 0 of the beam collector BC, may be explained by the fol-
lowing mechanism due to positive ions within the mass analyzer MA and secondary electrons
inside BC: The mechanism is shown in Figs. 7 (A) and (B). For Vg =0 of Fig. 7 (A), the negative
current 17 appears through a closed circuit (77, 7)) — BC -— MA. Thus, the I| shows a net
current of (77, g~). Here, we observe a positive ion current to BC when a deep negative bias
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voltage (Vg < -300V) is given to BC. The positive ions come from the secondary plasma S.P.
due to the injected ion beam I.B. and secondary electron beam S.E.B. as shown in Fig. 2. On the
other hand, the negative muonlike particle ™ (decay product of 7~ or direct 4) inside BC may
generate secondary low energy electrons through high energy electrons of the decay process from
L. The (back ground) positive 1ons within MA and the secondary electrons inside BC are shown
by +Ion and eg in Fig. 7 (B). Thus, for Vg > 0 of Fig. 7 (B), another closed circuit of negative
current 15 appears through BC (es) — Vs — MA — (+Ion). A total charge of secondary electrons
(es) due to 4~ may be extremely larger than that of 7z~ or y~. By the above mechanism, the ap-
parent negative current I for 7~ or 4~ increases abruptly in comparison with the net negative
current 1.

Thus, we can conclude that the increment mechanism of the apparent negative current is the

same with that in the case of H; discharge plasma®.

4. Negative current without positive ion supply

The secondary plasma S.P. as shown in Fig. 2 is produced by the injected positive ion beam
LB. and secondary electron beam S.E.B. while the S.P. diffuses along the weak magnetic field
(Bm = 0) outside the analyzing magnetic field By of MA. If a cut plate CP for the secondary
plasma S.P. 1s arranged as shown in Fig. 8 (A), the S.P. can not diffuse near the beam collector
BC. Obviously, under this condition, the positive ion current to BC is not observed even if a deep
negative bias voltage (Vs < -300V) is given to BC. Then, dependences of the negative current I~
to BC on By are determined 1n Fig. 8 (B) under two bias voltages of BC Vg =0 and Vg = 100V at
Va =1kV. We find that the negative currents I” decrease extremely in comparison with the case of
Fig. 6. As these reasons, we can point out that the apparent increment of I” due to the positive ions
from S.P. is lost (when Vg > 0), and that the space charge compensation of the 7~ or 4~ particles

by the posttive ions 1s lost also along the 7~ or g~ particle orbit inside of MA.

5. Investigation of positive pionlike or muonlike particle

We tried to detect positive pionlike (77%) or muonlike (z1*) particles by reversing the polarity of
analyzing magnetic field By of MA as shown in Fig. 9 (A) and Fig. 9 (B). A dependence of a
positive current I* to the beam collector BC on the reversed magnetic field (-By) of MA are
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determined in Fig. 10 under three bias voltages of Vg =0V, Vg = 100V and Vg = —100V at the
first electron beam acceleration voltage V4 = [ kV. In Fig. 10, we {ind that the peaks of the
positive current I* correspond to a positive pionlike particle and a muonlike particle following to
Eq. (2) and is very small in companson with those of Fig. 6 for the 7~ or g~ particles, and that the
apparent curreni does not increase even under Vg = 100V or Vg = -100V. Next a cut plate CP for
the secondary plasma S.P. is arranged under the reversed magnetic field (-By) corresponding to
Fig. 8 (A). A dependence of the positive current I* to the BC on (-Byy) is the same with that of
Fig. 10. That is, the dependence of I on (—By,) is not varied by the cut plate CP or the secondary
plasma S.P..

From these experimental results of Fig. 10 and Fig. 8 (A) under (-By), we can conclude that
the apparent current increment does not occur for the z* or y* particles, and that the space charge
compensation effect (which occurs for the 7~ or y~ particles by the positive 1ons inside MA as
shown in Fig. 6) does not occur also for the #* or ™ particles.

(Even if the introducing gas to the first electron beam region as shown in Fig. | and Fig. 2 is
from Ar to He or Hj, the positive current peak positions of Fig. 10 for the analyzing magnetic field
{—Bwm) are not varied. Therefore, it is obvious that the positive current peaks of Fig. 10 do not

come from some classical positive 1ons).

7. Discussion

The large apparent current increment of the 77~ or i particles are explained® from the nega-
ttve secondary electrons eg” which are generated from the negative high energy electron ey due to
the g particle decay inside the beam collector (metal) BC. That is, the following processes are

considered:

TE = T ] e e 3)
LT =3 BH U0 ittt e, 4)
ey” > Negin Metal (BCY, . (5



where v, and U, are some neutrinos. By these negative secondary electrons Ne g and the positive
ions from the secondary plasma S.P. as shown in Fig. 1 and 2, the large apparent current incre-
ment will be arised for the bearmn collector BC under Vg > 0.

On the other hand, an apparent current increment of the 77 or y* particles does not occur. As

this reason, we consider the following processes:

T 3 T UL e (6)
T B 4 U it (7)
ey —=ey —yimMetal BC), (&)

where ey* is high energy positron due to the f* decay inside the beam collector BC, ey is nega-
tive electron in the BC (metal) and ¥ is a ¥ ray, and where v,” and 1, are some neutrinos. That is,
the negative secondary electrons eg™ for the apparent current increment are not produced.
Moreover, we must point out that the space charges of #* or ¥ are not compensated (by some
negative electrons) inside the analyzing magnetic mass analyzer. Because the negative electrons
from the secondary plasma S.P. can not enter into the analyzing (strong) magnetic field region
under the magnetron cut off. Thus, it is difficult usuvally to dstect the positive pionlike 7% or
muoniike #* particles while 2 pair creation of 7 and 7~ is occurred by a large electric field due to

the electron bunch and the posttive 1on bunch.

8. Large net current generation of y~

In future, 2 large net current of the 1~ particles may become important for some industrial
uses, especially for the negative muon catalyzed fusion. We can show that large net currents of the
4~ particles generate in the experimental apparatus as shown in Fig. | and Fig. 2. By increasing
the first electron beam (F.E.B.) current [4 and acceleration voltage V4, the farge net currents (17
net) of the (™ particles are generated as shown in Fig. 11 under the beam collector bias voltage Vg
= 0V. We expect larger net currents through improvement of the eleciron gun and adjustment of

the neutral gas pressure in the first electron beam region.
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9. Additional Confirmation

When the positive ions from S.P. as shown in Fig. 12 diffuse also to the back of the beam
coliector BC, the I” peak currents corresponding to the 77 or i~ particle much decrease below 1/10
in comparison with those for Fig. 2 and Fig. 6. Thus, the penetration phenomena of 7~ or u~

particles for BC are obvious as reponed3) already.

10. Difference of metal plate penetration between 7~ (1) and 7* (1)

A metal plate MP (1 mm in thickness) is arranged in front of the beam collector BC as shown
in Fig. 13 (A) and 13 (B). Thus, dependences of the negative current I” or the positive current I*
to the beam collector BC on the analyzing magnetic field Bas or the reversed magnetic field (—By),
are determined as shown in Fig. 14. Then, we find that the negative currents I of the 7~ or u~
particles appear on the BC and that the positive currents I* of the z* or p* particles do not appear.
That is, the 7+ or u* particles can not penetrate the metal plate MP while the 7~ or i~ particles

penetrate the MP as reported already®.
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Figure Captions

Fig. | 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.
Va: Initial electron acceleration voltage. I5: Total negative current. F.E.B.: First elec-
tron beam. G: Neutral gas. D: Decelerator of F.E.B. S: Entrance slit (3 mm x 10 mm).
Ins: Insulator. LB.: Ion beam. S.E.B.: Second electron beam. e: Electrons with
cyclotron motions. g 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 magnetic field. i: lon bunch. 77: Negative pionlike particle. Ins: Insulator.

+ion: Positive ion.

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

Bwm: Analyzing magnetic field of (MA). Bg: 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. V4: Initial potential (voltage) of electron gun anode. Vg:
Effective potential for ¢~ (negative muonlike particle) and #~ (negative pionlike
particle). eg: Initial electrons from electron gun cathode. e;: First electron beam. e;:
Second electron beam. 1;: Positive ion beam from plasma. 1;: Second positive ion
beam. e-B: Electron bunch due to magnetic cyclotron motion. i—B: Positive 1on 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. +V 5: Additional potential generated by stopping the positive

10n beam.



Fig. 5 Dependence of the negative beam collector current I” on the analyzing magnetic field
By under the initial electron acceleration voltage Va = 1 kV and the total anode current
Ia =3 mA.
Beam collector bias voltage Vs = 100V. Neutral gas pressure is 1 x 107 Torr (Ar gas)
in the first electron beam region. Y- (means negative muonlike particle). 7~ (means

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

Fig. 6 Dependences of I on By under V4 = 1kV and I4 =3 mA.
(1): Vg=0V. (2): Vg = 100V,

Fig. 7 (A) Closed circuit of negative charged particle current under Vg = 0V.
I;7: Net current of negative charged particle (¢, #7). BC: Beam collector. MA:
Magnetic mass analyzer.

(See captions of Fig. | and Fig. 2 also).

Fig. 7 (B) Increment circuit of negative current under Vg > 0.
+Ion: Positive ions within MA. es: Secondary electrons inside BC. I,™: Increased

negative current.

Fig. 8 (A) Additional schematic diagram of the experimental apparatus.
CP: Cut plate of the secondary plasma S.P..

(See captions of Fig. I and Fig. 2 also).

Fig. 8 (B) Dependences of I” on By in a case arranged CP under V5 = 1 kV and [ = 3 mA.

(1): Vg =0V. (2) Vg = 100V.

Fig. 9 (A) Schematic diagram (1) of the experimental apparatus for detection of positive pionlike
(7% or muonlike (u*) particle.
—Bu: Analyzing magnetic field reversed the polarity. I*: Positive current to the beam
collector BC.

(See captions of Fig. 1 and Fig. 2 also).
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. 9 (B) Schematic diagram (2) for detection of 7* or (.
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13 (A)

13 (B)

14

(See captions of Fig. 1, Fig. 2 and Fig. 9 (A) also).

Dependence of the positive current I7 to the beam collector BC on the reversed
magnetic field (—Bpp).

Initial electron acceleration voltage V4 = 1 kV. Total anode current I5 = 3 mA.
Neutral gas pressure 1s 1 X 107 Torr {(Ar) in the first electron beam region. z*:

(means positive pionlike particle). #*: (means positive muon particle).

Dependences of net current Iy~ of 4~ on By under various first electron beamn
acceleration voltages V4 at the first electron beam cumrent I = 30 mA.

(1): VA=05kV.(2): Vo =1kV. (3) V4 = 1.5kV. i~: Negative muonlike particle.

Schematic diagram of the case where the positive ions diffuse to the back of beam
collector BC.

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

Schematic diagram for metal plate penetration of 7~ or 1.
MP: Metal plate of 1 mm in thickness.

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

Schematic diagram for metal plate penetration of the positive pionlike 7* or muonlike
u* particle.
MP: Metal plate (1 mm in thickness).

[See captions of Fig. I and Fig. 2, and Fig. 9 (A) and Fig. 9 (B)].

Dependences of I on By and I on (~By).
Va=1kVandIa=3mA. (1) Vs =0V. (2) Vs = 100V.

*I* do not appear.
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