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Abstract

A low energy electron beam (< 1200 eV) is injected perpendicularly to a uniform magnetic
field, together with a low energy positive ion beam which is stopped electrically. On these mag-
netic mass analyses (using the uniform magnetic field), two peaks of secondary ¢lectron to the
beam collector appear at two analyzing magnetic field intensities which correspond to two rela-
tions of ¢~ muon (the mass m; = 207 me and the charge q; = ¢) and &~ meson (the mass m; =
273 me and the charge qp = e, where me and ¢ are mass and charge of electron). We consider that
the 7~ meson may be produced by a coherent interaction between the magnetically bunched beam
electrons and the electrically bunched beam ions, and that the negative muon ;I may be produced

through the decay of 7~ meson.
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We have already reported' that the negative muonlike particle Zt‘ appears when a low energy
electron beam accompanying positive ion beam are injected perpendiculary to a uniform magnetic
field. However, the direct production of negative muon [~ from the electrons violates the lepton
number conservation law. Therefore, we must reexamine the previous experimental results! of
negative muoniike particle production. In this report, we improved an electrical insulation of the
beam collector with respect to the mass analyzer body and noted dependences on the beam collec-
tor bias voltage more precisely.

Schematic diagrams of the experimental apparatus are shown in Fig. 1 and Fig. 2. The initial
or 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 icnization 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,, is injected into the
magnetic field region through S. Moreover, the stopped beam electrons are reaccelerated electri-
cally 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 elecirons are
injected perpendicularly to the magnetic field (Bym) and bunched in cyclotron motions of smail
radius.

As shown in Fig. 2, the above magnetic system is used as a mass analyzer (M.A.) of 90°
type when the beam collector B.C. is arranged. The analyzing curvature radius r is 4.3 cm. It
should be noted that the bias voltage Vg of the beam collector is positive with respect to the mass
analyzer in order to reject a positive ion current and draw back the secondary electrons.

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 (M.A.) while a plasma is produced by a gas (air} ionization. Then, a positive ion beam is



mnjected into MLA. 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 (e5) suffers a magnetron (cyclotron) motion
in the uniform magnetic field (which is used as the analyzing magnetic ficld of M.A.). 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.

Dependences of negative current I” to the beam collector B.C. on the analyzing magnetic field
By are shown in Fig. 5 and Fig. 6 for various first electron beam acceleration voltage V 5 under
iwo positive bias voltage Vg of the beam collector Vg = 80V and Vg = 100V, Here, when
Vg = 80V, we find that an analyzing relation of the negative muon 4~ is satisfied for each peak of
negative current I", if we assume that the effective acceleration voltage Vg is twice of the first
electron beam acceleration voltage V 4. That is, the following relation is found: From the analyzing
magnetic field By 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 patticle by,

Ze (Bur )’
2Vg

8.8 X 102 Z (Bpur)? me

where e is the electron charge, By is in gauss unit, r is in cm unit, Vg is 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

analyzer, the Eq. (1) is rewritten by

From the experimental conditions in Fig. 5, we obtain m =m; = 207 me for VE =2 Vy,
assuming that Z = 1. This experimental result is similar to the previous one.! However, when

Vs = 100V (Fig. 6), we find another kind of negative current peak with the ordinary negative



muonlike peak.! That is, from the experimental conditions for the another peak in Fig. 6, we
obtain (assuming that the charge g, = ¢) m, ~ 290 me using the analyzing magnetic field By of
another peak of negative current I” and Eq. (2). This mass m; is very near the mass (= 273 mg) of
7 meson (within a few percent).

This second peak of I” greatly depends on the positive bias voltage Vs as shown in Fig. 7.
The threshold voltage of Vs is between 80V and 100V under the first electron acceleration voltage
Va =400V and the neutral pressure (air) in the electron beam region P = 6 x 107 Torr. Similarly,
the second peak of I depends on the neutral pressure P in the electron beam region as shown in
Fig. 8 (A) and Fig. 8 (B), which does not depend on a current of the first electron beam as shown
in Fig. 9.

Finally, the variations of the negative current characteristic are shown for two neutral gases H,
or He in Fig. 10. We find that both the first and the second peak position of the analyzing mag-
netic fields do not vary for various gases. For H; gas, the third peak of I” appears near 3 times
larger value of the analyzing magnetic field, compared with the first peak of negative muon.
Obviously, this third peak of I” shows negative hydrogen ton H™. We can consider that the H™
ions are produced in the “plasma” region in Fig. 4, and that their initial energies are neglisibly
small at the entrance slit S. Then, we find from the experimental results (Fig. 10), that the H™ ions
are accelerated by an effective potential Vg =2 V (twice of the initially applied voltage Va
between S and X in Fig. 1 and Fig. 2) as shown in Fig. 4. That is, the electrons and H™ ions from
S, will be accelerated by both the initially applied V4 (between S and X) and an additional potential
(+Va) generated by stopping an positive ion beam (of supplied gas) which is accelerated initially
by V4 between the “plasma” region and S. Thus, the secondary produced y~ and 7~ will be also
accelerated by the effective potential Vg,

If the 7~ meson is produced in the above experiments and the 4~ muon generates through the
decay of the 7~ meson, the violation of “lepton number conservation law” in the previous experi-
ments' (a direct production from the electrons), is avoidable.

The bias voltage dependences of the beam collector for the detection of z~ or 1, may be
explaned from the energy distribution for generation of secondary electrons by the #~ or .

That is, the secondary electron energy for the 7~ may be higher than that for the 1i". Thus, in order



to draw back the higher energy secondary electrons, the higher positive bias voltage of the beam
collector may be required for the detection of the 7~ meson.

To produce one 7~ meson, an energy of E;= 139.6 MeV or 2.2 x 10711 Joule is required for
the electron beam. Thus, a net current I7 (£A) of the produced 7~ meson is estimated from an
effective electron beam power Wt (W) injected into the mass analyzer, if the kinetic energy of z~
is neglected, by

_ eWef
=g,
s

=71 X 107 Wep (HAY. coerrverieresrienssesmssssssssssssssssssssssassssssssassassssnes (3)

When the 7~ meson is detected at the beam collector position, the cyclotron radius of 7™ is
equal to the analyzing radius r = 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 ¢ = 0.26 cm from the
mass ratio of my/me = 273, if the 7~ and the electron are accelerated at the same potential (2 V).
Then, the flight time of 7~ from the production position X to the beam collector B.C. is tz =
(27r/4)/vy, where v, is the velocity of #7. During this flight time t;, the number of the electron
cyclot.ron motions are estimated 10 be t/(27re/ve) = (1/4) (rfre) (ve/vz), where v is the electron
velocity and (27re/ve) = t. means a time of one electron cyclotron motion. As the (r/re) (ve/vz) is
equal to the mass ratio mp/me = 273, the number of electron 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 akind of confinement, Eq. (3) is rewritten by,
I; =5.5x 1071 Wy (#A)

= 55X 107 TpVE (HA), ceevereenneerremsssssssmssssssesscssusasesssssessensassesss 4)

where Wy, is an usual electron beam power (W unit), and I, and Vy, are the injected electron beam
current (#A) and the effective electron beam acceleration voltage (V).
When the injected electron beam current is about 50 A and the effective acceleration voltage

is about 1000V, we obtain I; = 0.03 gA from Eq. (4). On the other hand, the apparent negative



current to the beam collector is around 3.0 pA. That is, the discrepancy ratio (I'/I7) is around 100.
We consider that this discrepancy between the net current I7 and the apparent current I" is due to
the negative current of the secondary electrons generated by the 7~ through the gas ionization or
the impacts with the beam collector surface.

Inversely, we can consider that a very weak generation of & by a small power of the low
energy electron beam, is observed clearly from the multiplied apparent current.

As a reason for which the ¢ is easily detected, we can point out that the life time of 7~
is much shorter (2.6 x 1072 sec) than that of g~ (2.2 x 107° sec). That is, the flight time from the
generating place of 7~ to the beam collector is ranging from 8.7 x 1078 sec 0 3.5 x 1078 sec for
the effective acceleration voltage Vg = 400V ~ 2400V, Thus, the 7~ may decay into the ¢~ during
the flight time.

The electron beam current injected into M.A. through the slit S, is measured, which is around
50 pA at a total electron current (to the electron gun anode) Ix = 1.0 mA. The electron beam cur-
rent hardly depends on the acceleration voltage V4 of the first electron beam and the neutral gas
pressure P (1 x 1073 Torr ~ 1 x 107 Torr) in the first electron beam region. The injected electron
beam current density is estimated to be about jeo = € g Veo = 1.7 X 10 Afem2, where e, neo and
Veo are electron charge, an initially injecting electron density and an initial electron velocity. Thus,
the initial electron density neg is determined to be about ney = 10%/cc at Iy = 1.0 mA and
Va =400V.

Similarly, the positive ion (N for air) beamn current injected through the slit S, is measured,
which is about 0.1 tA (for the neutral gas pressure P =1 x 1075 Torr) and about 0.5 A (for
P =1 x 10 Torr) at Iy = 1.0 mA. The positive ion beam current greatly depends on the neutral
gas pressure P and much increases with P, while it does not depend on V. The injected positive
ion beam current density is estimated to be about jio = € Djp Vio = 3.3 X 1077 Afem? (for
P =1 x 10~5 Torr) and 1.7 x 1078 Ajem? (for P = 1 x 10~* Torr), where nj, and v, are an initially
injecting positive ion density and an initial positive ion velocity. Thus, the initial positive ion den-
sity njo is determined to be about njo = 3 X 10%/cc (for P = 1 x 10~ Torr) and njo, = 1.5 X 10%/cc
(for P =1 x 10~ Torr), at I, = 1.0 mA and V5 =400V.

For the analyzing magnetic field By and the first acceleration voltage V4 where the negative



current I” shows each peak, the electron cyclotron radius is 7¢e = 0.3 cm (at 4~ peak) or
ree =0.26 cm (at & peak). Therefore, if the injected electron beam motion is stopped magnet-
ically, the electron number density ne abruptly increases in the small space, which can be

expressed by a continuity law of the electron current. That is,

Ve — 0 (magnetically),

where ve is an electron velocity in the direction of initial electron beam.

On the other hand, the injected positive ion beam motion is stopped electrically as understood
from the electrical potential (+1V Al) of the mass analyzer body and the slit potential (o). Therefore,
the positive ion number density n; in the entrance of the magnetic poles (N) and (S} in Fig. 1,

abruptly increases in the same place of the electron bunch. That is,

vi = o (electrically),

where v; is a positive ion velocity in the direction of initial positive ion beam.

From these discussions, we may consider a coherent interaction! between the bunched beam
electrons and positive ions, which may produce the 7~ meson. Then, the average effective potential
Vg which accelerates the produced 7~ meson, is determined to be Vg = 2V by a macroscopic
potential difference between the electron bunch and the positive ion bunch.

In conclusion, the 4~ muon may be produced through the decay of 7~ meson.
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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 4! Initial electron acceleration voltage. [4: 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. 1.B.: Ion beam. S.E.B.: Second electron beam. e: Electrons with cyclotron
motions. 4" Negative muon. (M.A.): Mass analyzer. Fe: Iron. C: Magnetic Coil. (N):
North pole of electro-magnet. (S): South pole. By;: Analyzing magnetic field. B.C.: Beam
collector. I": Negative current to B.C. Vg: Bias voltage of B.C. with respect to mass
analyzer body. S.P.: Secondary plasma inside (M.A.). X: Entrance of uniform magnetic

field. i: Ion bunch. 77: Negative 77 meson.

Fringe magnetic field distribution.

Bum: Analyzing magnetic field of (M.A.). Bo: Uniform magnetic field inside (M.A.). 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 i~ (negative muon) and 7~ (negative 7 meson). eq: Initial electrons from
electron gun cathode. e;: First electron beam. e;: Second electron beam. i;: Positive ion
beam from plasma. iy: Second positive ion beam. e-B: Electron bunch due to magnetic
cyclotron motion. i~B: Positive ion bunch due te 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 ion beam. (H™): Negative hydrogen ion

accelerated by the effective potential VE=2 V.



Fig. 5

Fig. 6

Fig. 7

Dependences of the negative beam collector current I on the analyzing magnetic field By
under various initial electron acceleration voltages V4. The positive beam collector bias
voltage Vg =80V,

(1): Vo =100V, (2): V5 =200V. (3): V5 =400V, (4): V4 = 800V. (5): V5 = 1200V.
The neutral gas pressure (air) is 6 X 107 Torr in the first electron beam region.

4 : (means negative muon). The total anode current I = 1.5 mA.

Dependences of the negative beam collector current I” on the analyzing magnetic field By
under various initial electron acceleration voltages V. The positive beam collector bias
voltage Vg = 100V.

(1): Vo = 100V. (2): V5 = 200V. (3): V4 =400V. (4): V4 = 800V. (5): V5 = 1200V.
The neutral gas pressure (air) is 6 X 108 Torr in the first electron beam region.
1: (means negative muon). The total anode current I, = 1.5 mA. 7~ (means negative 7

meson).

Dependences of the negative beam collector current I” on By under various bias voltages
Vg of the beam collector at V4 = 400V.

A: Vg =60V.B: Vg=80V.C: Vg=100V. D: Vg = 120V. E: Vg = 150V. F: Vg =
200V.

The neutral gas pressure (air) is 6 x 106 Torr in the first electron beam region.
The total anode current I, = 1.5 mA. i : (means negative muon). 7 : {means negative 7

meson).



Fig. 8 (A) Dependences of I” on By under various pressure P (air) in the first electron beam
region at V4 =400V, Vg =80V and I = 1.5 mA.
A:P=6x10"% Tomr. B: P=3 x 10~ Torr. C: P=1.2 x 10~ Torr.

Fig. SO(B) Dependences of I” on By under various pressure P (air) in the first eleciron beam
region (F.E.B.) at V4 = 200V and [ = 1.5 mA.
A:P=6x10° Torr. B: P=5x 107 Torr. C: P=1 x 10 Torr.

Fig.9 Dependences of I on By under various total current I to eleciron gun anode at Vi =
400V and Vg = 80V, and pressure in F.E.B. = 6 x10™® Torr.

Arla=05mA. B: Iy = 1.5mA. C: I, =3 mA.
Fig. 10 Dependences of I” on By under various gases {He and Hj) at V4 =200V, Vg = 100V,

I, = 1.0 mA, P (He) = 2.8 x 10~ Torr, and P (Hy) = 3 x 10~ Torr in F.E.B.

U negative muon. ' : negative 7 meson. H : negative hydrogen ion.
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