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Angular Distributions for the'?C(e, & n)''C
Reaction in the Giant Resonance

T. Saito, S. Suzuki, K. Takahisa, C. Takakuwa, M. Oikawa
T. ToheiT, T. I\Tal«:agawair and K. Abe Tt
Laboratory of Nuclear Science, Tohoku University
Mikamine, Taithakuku, Sendai 982, Japan
1.Depar,rtment of Physics, Tohoku University, Aramaki, Aobaku,
Sendai 980, Japan
ﬁDepartment of Nuclear Engineering, Tohoku University,
Aramaki, Aobaku, Sendar 980, Japan

The angular distributions of the'*C(e, e’'n)''C reaction in the giant resonance have been
measured at forward scattering with the effective momentum transfer of 0.35 fm~™'. The
angular distribution for decay neufrons to the ground state indicates a strong forward-
backward asymmetry at the peak of the giant dipole resonance (w = 22.5 MeV) and
changes to weak forward-backward asymmetry as increasing the excitation energy. This
angular distribution is different to the angular distribution observed in the '?C
(e, € po)''B reaction which shows nearly symmetric distribution at 22.5 MeV and a similar
momentum transfer. Both the angular distributions are inconsistent with recent RPA
predictions in which the (e,e’ no) one is symmetric but that for the (e,e’ po) is
forward peaked due to interference with monopole excitation. Legendre polynomial
coefficients b: and bs obtained from fitting the data suggest the weak monopole and,”or

quadrupole strength with the giant dipole resonance.

§ 1. Introduction

The coincidence (e, ¢ n) reaction is one of most important experiments to be performed
with high-duty-cycle electron accelerators in intermediate energy nuclear physics. A few
(e, e’ n) experiments have been carried out by using continuous electron beams, ¥

because of the difficulty in detecting low energy neutrons in an environment with a huge
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7 ray and neutron backgrounds.

Theoretical predictions on nuclear collective excitation in (e, ¢’ x) reaction are very use-
ful to extract the information for the nuclear structure and dynamics from coincidence
experiments. Recently Cavinato et al.®’ have performed a self-consistent RPA calculation
with the Skyrme interactions on'2C(e, ¢’ x) cross sections and angular distributions. The
RPA-SK3 partial'2C(e, ¢" po) and'2C(e, ¢" no) cross sections for the monopole, dipole,
and quadrupole modes have been calculated for the excitation energies between 15 and 30
MeV at an incident electron energy of &=126 MeV and a scattering angle of 8.=40.
The dipole cross section has peaks at w =20 MeV and «w =27.2 MeV. Decay proton
and neutron exhibit a similar energy behavior and have roughly same magnitude. On the
other hand a quadrupole cross section has a peak at w =23.8 MeV and proton decay
exceeds neutron decay.

Figure 1 shows (e, ¢ ps) and (e, ¢ n,) angular distributions in RPA-SK3 calculation for
excitation energy of w=22.5 MeV at &=126 MeV, 6,=40, and an azimuthal angle of
¢=180°. > The angle ¢ =180 indicates a nucleon emitted in the half-plane on the opposite
side of the incident electron. The momentum transfer in this kinematics is ¢ = 0.41 fm™'.

The calculation includes the multipole modes 0%, 17, and 2%. The (e, ¢’ po) angular

N./\ 10 T T 1 I T T T l 1 T T l T T T | T T T I T T T
b

£ — Cle,e'py)

o 8 .12 '
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S e -
G

P 2

8 - —
Q e

'8 0 11 1 I 1 1 L l L 1 L I L 1 1 I 1 1 1 I 1 11
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Angle (deg)
Fig. 1 Angular distributions for the'?C(e, ¢’ ps) (solid curve) and'?C(e, ¢ no)

(dashed curve) reactions in RPA-SK3 at 8.=40, ¢ =126 MeV, w = 22.5MeV
and ¢=180° .
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distribution shows a strong forward-backward asymmetry. On the other hand the (e, ¢’
no) angular distribution displays a behavior nearly symmetric about 6 ,=90 which
indicates the presence of only a dipole. In both reactions a breaking of the symmetry
about 6,=180 appears due to the presence of the Coulomb-transverse interference.

The interference between the stronger 1~ mode and the weak 0" and 2% modes leads to a
forward-peaked angular distribution. In the calculated cross sections, *’ the relative con-
tribution from the quadrupole mode to the nucleon channel is over 36% in the proton case
and amounts to merely about 10.5% in the neutron case. Moreover, the proton monopole
strength is twenty times stronger than the neutron one. Then Cavinato et al. have sugges-
ted that a sensitivity of monopole excitations to the '?C(e, ¢ po) cross section in forward
direction is especially emphasized.

The'?C(e, ¢ po) angular distribution has been measured by Calaco et al. at Stanford at
first®’ and subsequent measurements have been performed at Maintz, ” but no data for
the'?C(e, ¢’ n) reaction. In particular the (e, e n) reaction is interesting so that it is
favored only two-body reaction in the nuclear system. The present paper reports on the
angular distributions of the'?C(e, ¢’ no) reaction at various excitation energies and

comparisons with the RPA predictions together with those of the!?C(e, ¢’ po) reaction.

§ 2. Experiment

The!2C(e, ¢’ n) experiment has been performed using a continuous electron beam from
the 150-MeV Tohoku University pulse stretcher ring. ¥ A natural carbon target of thick-
ness 100 mg,cm? was bombarded with electrons of energy 129 MeV. Scattered electrons
were detected at 8.=30°by a magnetic spectrometer which had a solid angle of 5
msr, and a momentum resolution of 0.05% within the accepted momentum bite of 5.3%.
Neutrons emitted from a target were measured using seven neutron detectors consisting
of NE213 liquid scintillators, where six detectors had a 18 cm diameter by 10 cm depth and
one detector had a 20 cm diameter by 10 cm depth. These were placed in the electron scat-
tering plane at 6,=17°, 34°, 64°, 93°, 155°, 184°, and 214°, where 6, were measured from
the mometum transfer direction. The front of each detector was placed 75 cm from the

center of the scattering chamber. The neutron energy was determined by the time-of-flight
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(TOF) method. The neutron detectors were shielded with lead, paraffin, and concrete.
Lead collimators were placed in front of bismuth plates 4 cm thick to absorb scattered
electrons and soft 7 rays from the target. The photon energy calibration for the neutron
detectors was performed with?’Na,'*"Cs,*"Co, and Am-Be sources. The Compton edge of
the'*"Cs 7 ray was set as the detection threshold. The efficiency for the neutron
detectors was determined by using a’**Cf source and a Monte Carlo code. The details of

electronics, data acquisition, and detection efficiency are described elsewhere.?’

§ 3. Results and Discussion

Figure 2 shows a missing energy spectrum for the'?C(e,e'n)!'C at 8,=50° measured at
another setting. This spectrum indicates that the decay neutrons from the giant
resonance are almost due to ground state transition.The'*C(e, ' no) angular distributions
at 22.5, 23.5, 24.5, and 25.5 MeV for *£0.5 MeV energy span are shown in Fig. 3 (a). Solid
lines are the Legendre polynomial fits described below. Angular distribution changes
from a strong forward-backward asymmetry at 22.5 MeV to a weak forward-backward
asymmetry at 25.5 MeV. The'?C(e, e'po) angular distributions at the peak (22.5 MeV)
and shoulder (25.5 MeV) of the giant resonance were measured at an incident electron

energy of 183 MeV by Calarco. Angular distributions at 8,=22° which correspond to the

‘“g600:---.v--lv--.---.---.---.---:
> C 12 T -
g 500 5 C(e,e'n) C 0 =50° E
3: 400;— {ﬁ —
G 300 F -
ho - ]
2 200 F E 3
3 o %ﬁ ]
2 w0t —;
T T

-6 -4 -2 0 2 4 6 8

Missing Energy(MeV)

Fig. 2 Missing energy spectrum for the'?C(e, ¢’ n)''C reaction. The abscissa is
indicated by E»-18.7 MeV.
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Fig. 3 (a)'2C(e, ¢’ no) angular distributions at &=129 MeV, 6.=30°, and
¢ =180°. The momentum transfer is 0.34 fm~'. The solid curves are Legendre

fits.

(b)'2C(e, ¢’ po) angular distributions at w=22.5 MeV and 24.5 MeV at
the momentum transfer of ¢ = 0.34 fm™' from Ref. [7] .
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16

momentum transfer of 0.34 fm™" are also shown in Fig. 3(b) with a similar fit using the
Legendre polynomials. The' *C(e, ¢ py) angular distribution is forward-backward symmetry
at w = 22.5 MeV and it changes into a forward peak at 25.5 MeV. The pattern of these
angular distributions is almost no change for the momentum transfer range from 0.24
to 0.61 fm™' measured.

Figure 4 shows the'*C(e, ¢ po) and**C(e, €' no) angular distributions at w=22.5 MeV
compared with the RPA predictions. In the experimental angular distribution the (e, po)
and (e, ¢ no)cross sections have a similar magnitude at forward direction. In (e, € po) the
calculation reproduces the backward peak but it overestimates for the forwards pleak by
more than four times. On the other hand in (e, e’ no) the calculation overestimates for
the forward peak by factor of two and it can not reproduce backward distribution. Thus
the observed shapes in the both!2C(e, e’ po) and'*C(e, ¢’ no) cases are found not to be
reproduced by the RPA-SK3 prediction. The different behavior of the angular distribuions
for protons and neutrons may reflect isospin nature of decay particle. The process might
include contribution from more complicated configurations not used in the present
calculation.

Legendre polynomial parameters b: and bs at @ = 22.5 MeV indicates the existence of
weak monopole and,”or quadrupole strength interfering with the giant dipole resonance.

In summary, the angular distribution of the'*C(e, ¢’ no) reaction in the giant resonance
region has been measured to study the decay mode. The angular distribution of a strong
forward-backward asymmetry observed at w=22.5 MeV is different from the symmetric
distribution of the'*C(e, ¢ po) reaction at the same energy. Those angular distributions
are inconsistent with the recent RPA predictions. A theoretical effort is needed to solve

these discrepancies.
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Study of the Isovector Giant Quadrupole Resonance in "C
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Forward-backward asymmetries in the *C (7, n) reaction have been measured in a
tagged photon energy range of E ,=16~69MeV. Considerable asymmetries which come
from the interference between E1 and E2 excitations have been observed above the giant di-
pole resonance region. The direct and semi-direct model reproduces observed asymmetries
assuming quadrupole resonances of Ex=30.911.5MeV, I'=8 * 6 MeV and Ex=43.2+1.8
MeV, I' =13% 6 MeV. They were identified as concentrations of the T« and T~ isovector

E2 strength exhausting most of the sum rule.

§ 1. Introduction

Photo-nuceleon reactions as ( 7, n) and ( 7, p) have been used to study electromagnetic
nuclear excitations built on the ground state for many years.” The ( 7, N) and the radiative
nucleon capture are characterized as the direct (D) and semi-derect (SD) processes (DSD
model).?” The former is a one-step direct process induced by an electromagnetic transition,
where the incident photon interacts with effective charge of a nucleon in the target nucleus.
On the other hand, SD is interpreted as a two-step process. The incident photon firstly ex-
cites an intermediate state ¥, of the target nucleus. The nucleons and holes in the ¥, in-
teract with other nucleon through the strong interaction and deexcite as a secondary step.
When the nucleon transits to the unbound orbit during this process, it escapes out of the nu-
clear potential. One of the most important intermediate state is the Giant Resonance
(GR), especially the Giant Dipole Resonance (GDR). It has been systematically observerd

in the wide range of the mass number A."” Even above the GDR energy region, the dipole
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(El) strength in the photon absorption process is still much stronger than any other excita-
tions, such as a quadrupole (E2) strength. However, when the even and odd parity strength
coexist in the same energy region, their interference makes the angular distribution of the
decaying nucleon to be asymmetric. Because of the quite small E2 effective cherge of the
neutron, the ( 7, n) reaction should be a suitable tool to extract the E2 excitation through
the SD process. On the other hand, the direct proton knockout in ( 7, p) is considered to be
still a competitive process. It is much more difficult to extract the resonant E2 strength
from the ( 7, p) data.

Isovector Giant Quadrupole Resonance (IVGQR), whose excitation energy for heavy
nuclei are systematically observerd in (e, e’ ) at Ex=1304 ~'"* MeV or 574 7'/® MeV,**
have been more investigated by ( 7, n) and (n, 7) as ideal tools. It has been shown that the
IVGQR in medium-heavy and heavy nuclei exhausts 30~709% of the E2 energy weighted sum
rule (EWSR). The available data on the IVGQR are limited, so data in the higher excitation
energy region are needed to extract the whole strength, and in the wide mass number range
to observe the A dependence. We can expect to recognize the highly excited nuclear structure
around 27%w above the Fermi surface in the studies of the IVGQR.

In case of the isovector excitation on the nucleus whose ground-state isospin is non-
zero, To= (N—2)/ 2 # 0, two isospin states can be excited, thatis 7« = Ty and 7> = To+ 1
states. Both Ty — 1/2 and Ty, + 1/ 2 states can be the residual states from ( 7, n) on nu-
clei of To # 0. The decays to Ty — 1/ 2 are allowed from T« states, and the decays
to Ty + 1/2 from both T« and T~ states. Therefore, we can discuss the isospin structure
of the initial doorway state by comparing decays to two different isospin states.

In this work, we aimed to study the IVGQR in "C by using the ( 7, n) reactions. We
will show the brief description of the experimental set up and the obtained “*C( 7, n) data,
and we will compare asymmetries obtained for the 7= 0 states in ?C at Ex = 0.0 and 4.4
MeV and the 7'= 1 states around Ey = 15.1 MeV with the DSD model in the following sec-
tions. Finally, we are going to discuss the mass dependence of the excitation energy of

IVGQR and the isospin splitting of IVGQR observerd for the first time.
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§ 2. Experimental procedure

The “C(7, n) experiment was carried out at the tagged photon facilities® in the
Laboratory of Nuclear Science, Tohoku University. The 89.5 MeV electron beam from the
linear accelerator was stretched by the Sendai STretcher Ring (SSTR)® with ~80% duty
factor, and produced bremsstrahlung in a 100 ¢ m-thick gold radiator. The photons were
tagged by bremsstrahlung-recoil electrons whose momenta were analyzed by a magnetic
spectrometer. The energies of the tagged photons were 16 < E, < 69 MeV with AE, = 1.8
MeV and the overall flux was ~ 5 X10%/s.

The target sample was 170.8 g of 98% isotopically enriched “C powder which was
pressed into a thin walled aluminum cylinder of 226 mm long and 70 mm in diameter. The
entrance and exit windows for the photon beam were plugged by Mylar film of 100 ¢#m in
thickness. The thickness of the target was 4.27 g ‘cm?® It was placed along the beam axis
and suspended on the plastic plate of 5 mm thick. The background come from the target sur-
roundings was checked up by a target-out measurement. The photon tagging efficiency,
which was periodically monitored with a lead glass Cherenkov detector, was typically 409
at £, = 35 MeV.

The neutrons following the "*C ( 7, n) reaction were detected by large volume NE213
liquid-scintillator detectors (LAND’s)™ which were developed for this experiment. LAND
is constructed from aluminum cylinder of 1000 mm long and 130 mm in diameter (internal
dimension). It is internally coated with stable specular reflector in order to accomplish the
most efficient light collection in a long cylindrical shape. The absolute detection efficiencies
for neutrons of E, = 15.0, 21.0 and 27.0 MeV were 6.8, 7.4 and 8.5%4, respectively. Veto de-
tectors for charged particles were placed in front of each LAND. Three identical LAND’s
were placed at 8., = 55°, 90° and 125° with the distance of 2.5 m from the target center.

The forward and backward detectors were once shuffled during the measurement to
compensate the systematical difference between the neutron detectors.

The event trigger condition [ET] for data acquisition was

[ET]= X [TAG],® % ([LANDL@)@,) (1)
where [TAGJ,, [LAND], and [veto]; are the timming signals from the i-th detector of the

32-channel tagging hodosope, LAND, and the veto-detector, respecively. The triggered event
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data were processed through CAMAC and storaged on magnetic tapes by using the standard

LNS data acquisition system.”

8 3. Results and discussions

Typical TOF spectra at 6, = 55° and 125° are shown for several photon energies in
Fig. 1, where neutrons were selected from large amount of 7-ray background by a Pulse
Shape Discrimination (PSD) method. The time resolution of the present set up was esti-
mated to be ~ 0.7 nsec (FWHM). Peaks correspond to the residual ground (T=10,J"=0"* )
and 4.4 MeV (T=0,J"=2"),and 151 MeV (T'=1, J" =1 ") states of "“C are also

.
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shown as hatched areas. Different angular behaviors for transitionsto 7=0 and 7 = 1

residual states can be seen in the spectra.

The asymmetry A is defined as

_[(d 0/dQ)s— (d 0/dQ) 1]
_[(d 0/dQ)s+ (d 0,/dQ) s ]

A

and those are shown in Fig. 2.
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Fig. 2 The E dependence of the forward-backward asym-
metry in the "C ( 7, n) "C reaction. Solid circles rep-
resent the data, and curves represent the results of
direct-semidirect model calculation (see the text).
Fig.2 (a) represents for around the ground state in *C,
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The DSD calculations of cross sections and asymmetries have been made using a com-
puter code HIKARI® and compared with the data. The transition amplitude of radiative

nucleon capture process can be written as

<III(| e’ f wim> <1IfmlH/ |1I)"(+)>
E,—E,+il"'/2

Ti=<¥,| e wi(+)> + ) (3)

where ¥ (" is the wave function of the inital state, ¥ ,,, is the intermediate state, and T,
is the final state. As the intermediate state, the giant resonance state with excitation en-
ergy E and width T' is considered, and E, is the energy of emitted 7-rays. The electric
multipole operator €,, is devided into &" for the incident nucleon and &' for the other part
of target nucleus. The Hamiltonians of particle-vibration coupling, H , are obtained from
the collective model. For isovector dipole and quadrupole transitions, complex form factors
of the volume type have been known to reproduce the observerd cross sections fairly well.
For isoscaler quadrupole transition, the real form factor of the surface-peaked type is em-
ployed. The parameters, Ey, I', and the fraction 7 of the energy non-weighted sum rule of

the resonances involved in the DSD calculation, are listed in Table 1. All the parameters ex-

Table 1 Parameters of resonances used in HIKARI.

“C(r,n)
Ey (MeV) I (MeV) n
Pygmy 11.5 5.0 0.8x1/3
GDR T« 20.2 3.5 02x1/3
GDR T 24.0 4.0 2/3
ISGQR 20 5 04
IVGQR T« 309+15 8t6 0.3%0.1
IVGQR T 43.2+1.8 13+ 6 0.6%0.2

cept for IVGQR were taken from the previous works. In order to reproduce large asymme-
tries observed in the 7= 0 and 7= 1 transitions, T« and T~ IVGQR’s had to be added in
the calculations. The positions (E,,), widths (') and the strengths ( 7) were obtained by
x *-fittings to the data. The best fitted parameters for IVGQR are also listed in Table 1.
The weighted average of the IVGQR energy on "C is deduced as E,, = 39.1£1.7 MeV, which

-1/86

supports the systematics of the resonance energy of E,, =57 A as shown in Fig. 3.
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There are only a few of theoretical works concerned with the isospin splitting of IVGQR.
By using the schematic model employed by Akyiiz and Fallieros for the case of GDR,"”
Kawazoe and Tsukamoto'” suggested the isospin splitting of the IVGQR as

+ .
Epy — Ep= r+1 (Vl — M) , n

A A

where V is the depth of the Lane potential, V; =100 MeV. The expected splitting for “C is

10 MeV, which agrees with our result, E,4+, — E; =12.312.3 MeV, within the error.

§ 4. Summary
We have performed the measurement of “C( 7, n) reaction in the energy region of

16 < E, <69 MeV. The cross sections were obtained at 8,,, = 55°, 90° and 125°. We found
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a large forward-backward asymmetry of the emitted neutrons both for the transitions to
residual 7= 0 and 7 = 1 states of '?C. It is suggested that the T—part of IVGQR on "C
isE,=309%f15MeV, '=8% 6 MeV and 7=0.3%0.1, and that the T~-part is E,=
43.211.8 MeV, I' =131 6 MeV and 7 =0.6£0.2. This supports the systematic of E, =
57 A7'7* =37 MeV. The isospin splitting of the IVGQR is observed for the first time. The

value of the splitting, 12.3£2.3 MeV, is reproduced in terms of a schematic model.
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A geometrical factor was found to play an important role in determining the substitution
reaction yield of ruthenium recoil atoms produced by the (7,n) reactions in solid
ruthenocene derivatives (RuCpCp’) with cyclopentadienyl (Cp) and acylcyclopentadienyl
(Cp’) groups. We proposed a model which explains the result that the substitution
reaction yields decreased with increasing bulkiness of the functional group in ruthenocene

derivatives.
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SREL SONBMBREOFEEE LI TLICLDRDBIENTESY,
hLERERRGE, RBELVF =9 AFTHS -4y bk TH 3 RuCpCp’ WEBIZBEAT
BTLILE-TREI S, COBDBRAMREZERT 5 Lick by, EBRMICEERGNE
DRI ISEALZ AT 5 T LicpiTh Lo
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§ 2. PFLEREBRICOET IV

B HuRIRIC & 0 BT A IRBKRT 12, oL TF /& viFEKEEEEEVET I EIKD,
FOIRMF KD, RIGHRELZHTFEEREER T, PLEBERRKIGICEVT
i, RBRTI3Z DI 3 V¥ — SRS AR T E 2B & Th- LBRFEET, RICHFST
REFMEA LI TRIESEV, COBDODBAERPRIROL SRS I LHBTE S,

NS

4R’ W

P=

T TR B ULKRETOFIGREE, NEEFEROKA LCHFERET VT / & ViEEE
DFOE, SENT /& v EEG—-SFIET ShLERERKIGICES SKEE TS 5 (K
1)o TTT, MHER BEADTORTOMRIE 5 2 — 5 1Bid 5 LSSEmEHWTHET 5
TENTEBE Y, SE—ATHOZ 20 CpBRICK VBRI N AHEELE T 5, VT / & VF

Fig. 1. A model of substitution reaction. R : the mean recoil range, r : the average dis-
tance between two neighbouring molecules N : the number of molecules existing
on the spherical surface with radius R. S : the effective cross section for the sub-
stitution.

BEOERHE OB L > T—HFHOZo D Cp ROBOHEMHSKE LD D T LB LD
T, SIRVT /& VIBEEOREHIC L S VEME T 5, EBIC X S ERITSThh T
WBLT ) vEEEERIcE - TABE, oD Cp BORDREIZ VT / £ T3.6324Y,
FHAFNVT ) &V TI616AY, Fhroaors/ £ TI58A7 LD IBEF—ETH 5,
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N, Wi/ e VvEEENTFERTH D ERET S Eicky, FEFGE R, Vg Fleibst
refunwTt

7[2

2 arcsin® (r/ 2 R)

N= (2)

L1355, LT, QREQORIRAT B EiIckD, BABERP ZORDLIITET
EMTE B,

S
8 R*arcsin® (r/ 2R)

p= (3)

T80 5 KRBT ORIGHEFSFPER~DBAER P it (8 R*arcsin’ (r/ 2 R))™ Mc kil s
b0 KX TR DEATER P L EBRINICE ST ERRININER & OBREZERT %,

§3. £ B

BHREE LT, ABREBILAME LTRENB LT ) 2 v OFBEEZH W, CpRED
BREICR T VYVEDE S 2L bDA2EEA VW, Th 53 M. D. Rausch 59 &
ERkOHETERL, T8/ —VEER» OERRT AL 0ERL, BEARHE Lo
{LEMDREITE BIRANBIR R <7 b VR OTTRATIC L DIT - foo YGHFRERREE KD 5 729
D, ENT ) 2 VEEROBRERHEE ) /) A =7 —=52HWTiTo, T THIEEEEAT
B Oo&RNVT /& VEEEOYESF iR .

Table 1. Average distance between ruthenocene

BEtE L, BRI, KHETHVWE derivatives used in this study.

T R E 5 DTS TR R
C—R
HAERT
B GRS 12, LA T Ru

MEHEEDETF 54+ v 7 ZHV (Brme=

50 MeV, B|HI00uA), 2 —T<7 %y R Average distance nm
Mk D RERETERE LIS, T O 0779
- :  CH,CH, 0.8290
R DIRE 21T - foo BN IIBIEERE oy ,CH,CH, 0.8664
fﬂbf:%iﬁz 5%, KRIE-T, CH,CH,CH,CH; 0.8919
RS OBRENA#T = — ) ¥ yREEss O 09570
(CH,)sCH; 0.9928
}\;_57‘:&5&:1 ﬂ:’“?ﬂﬁ’a’:ﬁi if Fi’f T (CHZ)IOCHa 09585

4 ZFNTERTE LT, (CH)1:CH, 0.9841
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B DL NBEILI T O L S IiT- 7o BHERRICF v+ V¥ — & 705 RuCp . RV
RuCp’ 2%, NVEVIARLTY VAL AVA T ACHKE Lz, £V E VY TRELT
Tk VERBESE, FORNVEY—VIFNI—FVRESBEEAVTT YVLT/ &
YRUOVT YMNT ) & EFRIHE o BERERIER Ge % 701d Ge(Li) HEMAR A%
Al Ak EEATEIC L DIT- 0

§ 4. BRRUEBR

4. 1 BBRRBREOEH

BHAEOV VAL VIS A O T 5 AT, ZDREREDEMS L D RuCp. &
RuCpCp’ & BBIFICABESNE T EBN P12 L LIS SRuCp’ , DIEBERIE I, o]
SHhD I 7 nBRAORANBE SN, RuCp ,OIRERHZIERFTELL -7, F 2RI
(r,n) RIETE K RuCp. & T RuCpCp’ DAERINEETRT RHICR 505K 2T, RuCp.,
DI RuCpCp’ YR EH A~ B EIEFITNES W, TOFEEIL, EHbickd 5 F 7 58588
BhLEBEBIETH 5 T E%RT o RuCp, K% U RuCpCp’ DYLERD & @ SRR % 5K 5
B e DI T OFHEZITE - 1o

Table 2. The labeled yields of RuCp, and RuCpCp’ after the (7, n) reation.

Target Yield,” %

"“RuCp. %RuCpCp’ RuCp> “RuCpCp’
Acethylruthenocene 0.55%+0.02 3.03%£0.07 0.59£0.01 3.30+0.05
Propionylruthenocene 0.75%0.09 3.281+0.32 0.77%0.05 3.48%0.22
Buthyrylruthenocene 0.72%0.14 2.891+0.11 0.59%+0.03 3.2710.03
Valeroylruthenocene 0.64%0.08 2.58=*0.11 0.55£0.05 2.6520.13
Octanoylruthenocene 0.42£0.07 2.18%0.09 0.43%£0.07 2.36%0.11
Decanoylruthenocene 0.55%0.05 1.77£0.08 0.54%£0.13 1.89%0.18
Lauroylruthenocene 0.42+0.11 1.55£0.09 0.44%0.09 1.78£0.10
Myristoylruthenocene 0.38+0.01 1.42£0.10 0.38£0.03 1.50%+0.02

(r, DB PE S LS RRBKC £ 2R LS OB, —RIVITIRD > ORRIG
(7YY A
L R E R
RuCpCp’ + Ru* —>Ru*CpCp’ + Ru (1)



5 v ¥ LERERIE

3RuCpCp’ + 3Ru* —Ru*Cp, + Ru*CpCp’ + Ru*Cp’, + 3 Ru
RIS, FRAIFOMAEZ ORVRRKET & VT /2 & B8N T & OhLEBEIRKIE,
FUS2) A RBKEF O = % L F — 12 & D §EA DY BRI 75 RKETF 2355 21k <, BHRHERIG
Th b, HEQIBVWTIE, RN TFOMAEISEID, Ru*Cp,, Ru*CpCp’ U Ru*Cp,

DR IFFEHIREW T ¢ 2
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(2)

1T 5, LIchi>T, FLEBEHRKIGNEE Ru™CpCp’

IR HRuCp RO 2 {24 LB itk RE B0 £, 5 v 5 2HREERIGINER

Ru*Cp, INRD 442 LTKE B0 TOLH L TROLELVT /) 2 VFEHETOHLER
MRER TS v ¥ s ERESRIGNEEE 3RITRT, 7 V5 2ER-ARETRNERIIEZ S

B
&

BMEOE S OBBRIR NGV, hLERERKGICEVTREREOR S ITL > TREN
WINRHBTALT B, THbDL, 7TYVEREOESSEL BNENERE, ERMIGNRHE
DE %, TOMBEEITEARLPLERBERIIGE T VERVTHMAT 50

Table 3. Substitution and random recombination reaction yields.

Yield,” %

Target Nuclear reaction .

¢ Substitution reaction RI? ;ggnm rzeacc‘gré?ll'
Acethylruthenocene "Ru (7, n)'""Ru 1.93+0.08 2.2010.08
*Ru (7, n)"Ru 2.1210.05 2.3610.04
Propionylruthenocene "Ru (7, n)'""Ru 1.78+0.37 3.000.36
®Ru (7, n)"Ru 1.94+0.24 3.08t0.21
Buthyrylruthenocene "Ru (7, n)'""Ru 1.45%0.30 2.88£0.56
%®Ru (7, n)"Ru 2.10£0.06 2.34£0.10
Valeroylruthenocene YRu (7, n)'"Ru 1.29£0.20 2.57%0.33
*Ru (7, n)"Ru 1.56£0.26 2.19£0.20
Octanoylruthenocene "Ru (7, n)'""Ru 1.35+0.16 1.67+0.26
®Ru (7, n)"Ru 0.50+0.19 1.71+0.30
Decanoylruthenocene "Ru (7,n)'"*Ru 0.67£0.13 2.20£0.20
*Ru (7, n)"Ru 0.82£0.31 2.1510.51
Lauroylruthenocene Ru (7, n)'""Ru 0.700.24 1.690.43
®Ru (7, n)"Ru 0.90t0.21 1.77+0.38
Myristoylruthenocene "“Ru (7, n)'""Ru 0.66+0.10 1.521+0.04
%Ru (7, n)"Ru 0.75%0.05 1.50%0.10

4. 2 hOEBEERRICETIVOER
BT DRICHFESTRBIBAT 2R PRIRE) TR L&D (8 R%arcsin? (r/
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2R)T BT B, "Ru DEHIK
JEPERD D5 x — 5 —i2xtd %
7'uy b EH2KIORT, ZP0I
52%X3HB5b0D, ZTEHENS
HEERR MRS S, bhvbhndsiR
RLEEFUPBELVLIEERLT
Wbo TG, KEKET OGHE
FHFRBADRATERSY, KBEER
F LR F & ohiLEBERUE
WRERHEEEZ 5 LARET
%50 %72, PLEBERRIGTIEK
BT 30 Fel 28T 50T
BWIEERLTWVS,

7 v LFFES RGN OfE Uo¥
IA—F =T E Ty b (B3
M) RREF—EEELZ, FHEH
BERALRIEEED Sz,

§5. £ & ®
AHFICBVWTIE, (7, n) KK
ik > THERT B REkVF = AR

FONT /& VFEKERRTOE

n
o w
-

N
T

-
T

Substitution reaction yield / %
,O —
o [3,]
T T
@

| 1 | 1

o

o
S

0.5 0.6 0.7 0.8
(8R? arcsin® (r/2R))™!/nm™?

Fig. 2. Attacking probability dependence of the
substitution reaction yield.

0.9

Random recombination reaction yield / %

0.4 0.5 0.6 0.7 0.8
(8R? arcsin® (r/2R))™'/nm™*

Fig. 3. Attacking probability dependence of the
random recombination reaction yield.
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BSUGIERD, BREOEESICL > TRENICEEE S 5 L2 EBRMNCAH Lz, 2o
EFFERD SHOSBERNED EFVERE Lz, $8bE, RBWETBEZEEZEDET T
LIk T RNF -2k LBRETO, RICHFATHB~ORABRICL - T, FLLEE
BPUBINERERHTE ST AR LT,

MRETSEERIC & 72 0 BHFEW 7720 e RHER R PRI F s Miak OB AR L & K %)
W@V LEd. v v I V=T ORI L OITEDERMBITA I Z L2 EH V- LE

ERS
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§1. (LIS

2 F v aKlH (Mexican Voleanic Belt; MVB) i2BWTld, VN5« FL—pEaaze
T L= KT L — MIZEEARAD T STy, BB LEEIOE S s TWB, 2h
I TIRIEL, ARSI EE AL E R S R VEERR ~ /< WIEH L TWaE T &
23, B OHIRALFHI B IC &L > THIS W T &' KIEFERIcE VTR FE—2 - &
a7ovatg GEBlE-—FEEARD, 2 < (FEibAR), F ot oiE AR B2
L, THhHDY) 7 M ROIEFOEEEZIT, BEDON) X T« Toy 2idx+ v akpEn»s
MN-O255 LIFRENTEY ", BHEBE~ I ~OFEE S EEBRGNS 5 EEbh b,
3 > OHER OMIC, & 5icdbK D Basin and Range 53RIBAS 2 + & a2 kS FEH $ CHEE
LTOWBHEREER, A7) 7 3 V=TEOILRER T LB IRIEIBORERE bEH TR,
BElic ks 2 KR ORZ LR T 7 b =27 2DZEE ORBIRAHNLBI, Fh</<iE
BE FMCEESHIREZMA 221, BEINOREER < 7 < OEKRCESFAEMSE C &k
HETH S, AMETIE A F ¥ 2 KIUHhREICE S 2BEBRIEE O K-Ar FEA015E O 55
ERTELEBIT, TN ORABMOHIKL NS AEN 5 icd 5,

§ 2. BESEANUEAMOEIK S6x#

A F ¥ IKIGETEERD 5 130 D h OWEBEIKI IS OGRS 25370, 2+ vakl
WHRREPSE, THETIFaTHv=07+77 bkLilE (MGVF) Jbid 5 L
HEhTwRWY GBI, KIS 2 MGVF TRA L2 7 )& (LRE —%&
WE=FAF4 b)) LT VA VE (ERE-XREELUE) MEELTVWE T EMHMeNT
WBHY, RE IR S SRR L BRI ST E 3, MGVF O#BEE
ByvAaVERBEAENZR Y THROY— VI ED/NIEEBR K LERERL, Ay 7o
AVET 72D LS/ MES BT Z TR ORI AR T 5 © &1, ¢
BHL—REIOEKIZ L - THIRICERET 3 < /< DBV,
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North American _| 590
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0.7-3.6Ma _ /' Chapala 20°

4""79, Jalisco \6 ",,: AL Michoa}cén
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H1 Map showing the locations of OIB-type basalts in the western half of the
Mexican Volcanic Belt'™*
Shaded area: locations of OIB-type basalts and their age range,
Unshaded encircled area: volcanoes as follow -- 1 Volcan San Juan, 2 Volcan Tepeti-
Itic, 3 Volcan Ceboruco, 4 Volcan Tequila, 5 Sierra La Primavera, 6 Volcan Cantaro,
7 Volcan Colima, 8 Volcan Paricutin, 9 Volcan Jorullo, 10 El Gordo.
Dotted line: normal faults,
S. R. = Santiago River, C. L. = Chapala Lake.

BHEBRIKILE OAFEIE, MGVF NTREED SEOHIER, 375b b S DR300
km K OBEOVILANCER - TW3 E1IRD, THITLTHNM I TIA YEEERR 7 LA Y
& (3D 5190km ~ 440km DL TOFPICEET 5> o KILHUSILRIZ 7 + ¢ 5 g O Al
HERITH D, Bk - TREFER W UHILE - R0 EWBROEE TH 5 9,

BHEBIIT VA VEDEEPAINTIE, BEAEKPASARLRETH S, B, 55
mERRAEPASARDSRD, AT X > TREFNIDBOEBEABRESMD %, A
DARDA T4 VI ARIED>TWBE I ENBE WV, $§F & VBRI OTER SV LR %E L
WLREC, BR+HHRDOE— FI310% 2 540%E TOREWE S XE2RE 559, /55
R OREAPHKORZ ZRELPPA SARDHE, Fe-MgD/H THE & IEF#sH
RERT DA LARBRED 5NEr — 2BV OhRIP>TVSE"Y,

AF Y AKUFEHR TROD - TV ABERBRXRERY v 7 v/ 1 KUEdOZX 3 ) TR
FIPRTTEIASEADDY Y « 7Y A SAEEY DX ICEBEO/N NS VEDOHBE VL, L
L, NURT e Tay 7RDT R « K2 2K & 5 iCERAKLEER LTV 60
655V, 12DFIRKILS « 5T, FEFICKEL < 7/ <EHEEK (0.1~1km® yr) T
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TATA MEEORHMEC o2 EMHEIRTVE Y,

§ 3. FRAEERELUER

K-Ar FREE R 0 285 A OFF 250 22 A T, HERAERTHFLI0-164 v ¥ 2
DRBITSH DV oo TVT VOERBICBZOH A ZOFKEE 6730 LI07 5 20, #Y
U ADFERITIE, ZORKE ML bRV, Shatkh 507 v T Ui, BRI
PN Ly g AH S ABIEEZEER LAY, 7T YERESHTIE. VG Micromass 603%7 4
ZHEESETER W, A1) Y ADERBIBMAED ITHEV . RANEEIC L > THT - 1o L
ERUZ A ,=4.962X107"° yr, A,=0.581x107"yr, RILAHKIZYK K =0.01167% % FH
7z (Steiger and Jager'™ ),

FEARBIE BRI W 7o KIS SRR OIREAIE & BIERREFIRIORT, FREORER 1
oDETH B,

52D KIIEFK D K-Ar AEARRIEEI130.5Ma > 53.3Ma ORIcE 51 > 720 T 5D KL
K72 2B LIGER< Y P ViS4 7 EMRICIE - T, H3REDORIIcEF LTERL
TELEVWHITFHELLY, ZH5TREDP -1 520RKETTH 505, BELFEROMIC
BRI VS, RREE EERORIICHERSEY S iz, $1b b, FOABL D VBRI
EOEHLTWEEITHE (FE1%K)

1R * F ¥ 2 KILETER & thai#ifh & S hE TIRHE S h TV BRI E OO &
BIEERZL LTz E52X2RBBH, VW W0.5Ma 25 5 Ma ORICEH L TW3 T &5
bhbo FREHANERFEBHENTD 5, £ OGS, WBHEBEIAEIIH, ot
2D TR, AN TR )EEEORRCEHLTVS, )7 MRO—D, 3 <Hl
BRMEIC X BTN EZT 1o KIS OFERBED S 4 Ma LIBICES 2 L EZ SN TL

%1% K-Ar ages of OIB-type lavas from the MGVF.

KA Smp. Longitude Latitude KO “AT g Atm*®Ar Age Error
No No (W) (N) (wt.%) (10°ml STP,g) (%) (Ma) (Ma)
2222 553 100°57°47"  20°26"38" 1.38 0.145 65.8 3.28 0.10
2223 1255 101°13"49” 20°31700" 2.90 0.0514 92.2 0.56 0.04
2224 1265 101°35’37" 20°43'30"  2.17 0.0988 62.3 1.40 0.04
2225 571B 101°10°56”  20°03"35"  2.02 0.0463 92.5 0.71  0.06
2227 439 101°31°58”  20°27'55"  1.57 0.0611 72.2 1.23  0.03

A 5=4.962x107"yr, A1,=0.581x107"°yr, ®K K=0.01167%" .
Quoted errors are 1 o.
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50, RICIAMEDY 7 bROERHTEBI L7z ET5E, V7 OEECE-T, HEER
BEPHRICER LI EBIRLTELZANREZITH S, TS LT, thaAAEOHIER
LFRIRF R E R > = 7' < 1316Ma EHICHFE A O K LFIDSEEE 1T 12 > TLIR, HWEE THRIEY
B2 BLFIEEIHENTVSE Y,

MGVF 28 W TREHOKLOERSHE L, tMoiEEy» SEWlo X hoERBEH T
5, 1 MatHIZKILTEE DG EEANCEE L e SRS h TV, ZhETicB S
nTWi K-Ar R0, 019755 (hE%8Eic LT, BT 1MallTF, d6T1Mall k&5
NTOWEBTH B, LipL, SEIOERRIETIEZLIY S5 DIdbic s 1 Ma L DE W KILIEH 2
DELTVA I EMHERENL GB1R), LE19°55 DIBIC b 1 Ma & 0w KIL# D4
REEBEB TV B HIBHITH L VKILASEIE L, £hE LTKESHOHLAE I
LT3 DRBEWWS, FREICHTENERNE T 2B02MEBHREC 58h- 12
X5 ThH B,

§ 4. BIFEBBAEDLFEER

SE, FRAEE Lickilask 2 o280, RENZ 5 BOBEERE-II>VT, LB
FHEMEE® D e L 2MBITRERS OMTEIT-> 12D T, £ DR EIOEXHIC L 2 90EEE
EEDETH 2RIIT T, REOBSHM LI ARILRFR T BN EROBTF 51+ v 7 %
FIAL, 30MeV OIMEBFEM Vo FEBATHEBLUV, Cr, Ni, Cu, Zn, Ga, Rb, Sr,
Y, Zr, Ba BXU Ce it W\WTIEH ) 7 4 V=T KFEN— 2 LA KRB S HIERY S HED
Vovaslz 3OV F -SRI OEE XEMMTEE 2 AV TE S N /ERS © LHERERO 7 «
Uy 7 2ARER SR OEE XA EERE Tt LR (381255, 1265) OMA %R T o
bR E N -7 TR LIS DEF 2N, MEBTLRMKD MORBHMKIL s — v %253
iR,

S LR T v Y XRERZ T T, TREBRIUEHRO D, $8bb12V7
A EMIOBENI NI -KTRHIBEDORISHEEH 30D, HHEEREELME
ELThPLY RERTIERERBE O, HITTIO,, 2 TEBHB L Y FBED LN 5,
MGVF QA LT 7 h Via L BT 5 &, @HEBRIAEE TiO,, 28 (FeOt), K,0, P,0;
IZE#, Si0, MgO, CaOiZ LWL, S (52K AlLOSERIZ16-18% &0
B, ANITAANEEERERILLNLTH S,

FHE531F MGVF THRER SN TV 2iERRASOh TR bR MEEHEKERKR T 3
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%2 Harker diagrams showing major element contents of OIB-type lavas from the
Michoacan-Guanajuato volcanic field.
A=439, A=558A, []=564L, l=569A, C=571B, ®=1255, O=1265, @=553
Shaded area shows the compositional range of calc-alkaline lavas from the Micho-

acan-Guanajuato volcanic field.
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% 23 Chemical compositions of OIB-type lavas from the Michoacan-Guanajuato volca-

nic field.
1 2 3 4 5 6 7 8
vn 648 994 918 930 963 981 9174 643
Sample 439 553 558A 564L 569A 571B 1255 1265
(wt. %)
Si0; 47.76 51.21 50.12 54.93 47.18 54.91 56.23 47.10
TiO, 2.92 1.86 2.40 1.96 2.85 1.79 1.18 3.30
Al,0;, 17.06 16.85 16.24 17.13 17.82 17.29 17.67 15.41
Fe,0;3 5.82 4.76 3.54 2.40 2.82 2.23 — —
FeO 5.78 4.48 7.69 5.56 7.53 6.58 6.99 13.15
MnO 0.17 0.15 0.20 0.14 0.16 0.15 0.13 0.18
MgO 4.68 6.15 4.27 3.05 5.40 3.96 1.93 3.49
CaO 8.15 7.80 6.48 5.97 8.78 6.64 5.55 6.79
Na,O 3.66 3.88 4.12 4.57 3.99 4.09 4.81 4.06
K,O 1.62 1.39 2.54 2.94 1.58 2.02 2.86 2.24
P.0s 0.67 0.56 1.16 0.49 0.57 0.53 0.66 1.00
Total 98.29 99.09 98.76 99.14 98.68  100.19 98.01 96.72
(ppm)
Sc 26.2 — 30.5 25.8 43.8 28.0 - —
V(X) 280 210 186 163 316 206 27 381
Cr 56.9 - 44.3 n.d. 39.2 66.8 — —
Cr(X) 59 128 40 n.d. 25 60 9 9
Co 37.2 - 21.7 45.5 53.3 56.6 - -
Ni 43 - 25 15 40 41 - —
Ni(X) 30 83 18 — 38 37 5 15
Cu(X) 35 9 25 15 33 14 14 37
Zn 88 82 124 83 106 97 - -
Zn(X) 9 82 111 67 93 99 97 170
Ga(X) 21 23 26 22 20 21 - —
Rb 20.0 - 39.0 63.0 19.0 28.0 - —
Rb(X) 22.0 21 38.0 63.0 24.0 27.0 50 41
Sr 677 — 505 550 652 570 - —
Sr(X) 696 684 544 561 648 557 543 499
Y 28 - 47 27 22 27 - —
Y(X) 22 23 44 30 21 27 36 48
Zr 209 — 362 244 172 253 - —
Zr(X) 203 211 361 237 169 239 382 391
Nb 39 24 58 51 38 31 43 55
Cs 0.08 - 0.72 1.26 0.10 0.34 — —
Ba(X) 495 483 706 450 344 565 845 650
Ce 59.7 — 100.6 71.5 51.5 64.0 - -
Ce(X) 65 60 106 81 67 68 78 88

vn = volcano number of Hasenaka'"'?.

Trace element names followed by (X) denote XRF analyses; others are photon
activation analyses. — = not determined, n.d. = not detected.
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%13 a Stratigraphy of Myoko volcano after Hayatsu
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14, 16)

%1% Db Stratigraphy of Kurohime volcano after Hayatsu
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% 2% Modal compositions (volume %) of volcanic samples from Myoko and Kurohime
volcanoes.

Sample Locality Geol.Unit Stage SiO, Gm Pl Aug Opx Ol Hb Opc Opg Qz P/H N/R

1 MKO0618 MK489 FEELs 1-2 5993 62.8 296 2.1 40 — 09 —- 06 — H N
2 MK293-1 MK293-1 L O-2 55.73 65.7 254 54 14 14 - 04 03 — H R
3 MK1001 MK521 % /iRL 1-2 5463 583 294 53 45 09 — — 16 — H R
4 MK1702 MK530 #iZsihL 1-2 56.28 548 266 94 39 16 — 30 07 - H R
5 MK3001 MK617 #7L)JI[PF I-3 58.89 62.1 275 14 0.7 — 70 04 09 — H N
6 MK1204 MK617 #7I)IIPF 0-3 52.44 53.0 306 75 64 18 — — 07 — P N
7 MKO009 MK489 #HERSF 1M-1 53.13 66.8 244 45 24 1.7 — tr 02 — H N
8 MK2301 MK741-2 BERSF  1IM-1 56.66 59.4 265 85 24 13 05 — 14 - H R
9 MK1611 MK278 EERL m-2 53.05 664 214 46 — 756 —-— — — 01 P N
10 MK0601 MK489 Z=HElLsm-2 52.32 634 326 01 10 21 - — 08 — P N
11 MK0608 MK489 =HELLsM-2 51.83 57.6 360 05 24 29 — — 06 — P N
12 MK892-3 MK892-3 #ERPF -3 61.33 618 289 0.9 15 06 55 — 08 — H R
13 MK289-1 MK289-1 ¥7%JIIPFN-PC 60.62 61.1 295 1.3 28 — 44 01 08 — H R
14 MK289-2 MK289-2 ¥7% 3JIPF N-PC 51.09 63.3 298 04 16 21 — 18 1.0 — H R
15 MK799-14 MK799-14 ¥ 7% $JIIPF N-PC 60.05 64.6 25.0 3.1 22 — — 4.0 1.0 0.1 H R
16 MK804-8 MK804-8 #6)I[4S N-PC 51.66 59.5 22.4 104 08 66 — — 03 — P N
17 MK1000-1 MK1000-1 F8)I[84S N-PC 49.60 648 271 26 — 45 — —- 1.0 — P N
18 MK1601 MK291 WEJIIAL N-PC 51.90 60.0 277 6.2 03 39 — — 19 — P N
19 MK1403 MK618 FREPF WN-CC 62.97 489 33 — 41 — 102 — 08 07 H R
20 MK1405 MK618 #RAPF N-CC 59.99 69.8 225 1.3 2.0 07 23 — 11 03 H R
21 MKO0501 MK490 #&1LUL N-CC 60.06 644 272 1.8 25 06 24 — 11 — H R
22 MK1301 MK527 #LF# WNCC 55.76 719 231 07 1.2 19 — 09 01 02 H R
23 MK1407 MK560 KHYJJIPF VCC 62.45 486 411 — 24 — 66 — 10 03 H R
24 KH0106 KH204 (LZLL T-1 4998 473 396 91 03 35 - — 02 — P N
25 KH0102 KH29-3 ®#&#&L 0-2 55.03 513 359 27 7.7 05 — — 19 — H N
26 KH0105 KH30 B4 #L 1-2 5457 518 363 46 62 — — 01 1.0 — H N
27 KHO0103 KH30  BEJIL o-3 59.98 67.7 305 02 1.3 - - — 03 — H N
28 KH2206 KH606 EBALL W-SE 56.44 646 263 24 57 01 — — 09 — H N
29 KH503 KH503 &b, W-SE 56.90 684 283 01 25 — — — 07 — H N
30 KH2401 KHI1 ERL  @OSL 56.97 725 %54 — 17 - - — 04 — H N
31 KH2402 KH91  fERL  W-SL 55.35 59.9 276 48 51 — 03 07 16 — H R
32 KH2201 KH600 HEELL 1m-CC 55.28 615 267 6.0 50 01 — 07 1.0 - H R
33 KH2203 KH601 /NE#EL I-CC 53.94 574 302 48 50 1.0 — — 16 — H N

Locality numbers, geologic units, and stage names are taken from Hayatsu''®

and from Table 1 with the following abbreviations. L=Lava flow, Ls=Lava flows,
PF=Pyroclastic Flow Deposits, S=Scoria, SF=Scoria falls, PC=Pre-caldera, CC=
Central Cone, SE=Stratovolcano-Early, SL=Stratovolcano-Late.

Title abbreviations: Gm = Groundmass, Pl= Plagioclase, Aug= Augite, Opx=
Orthopyroxene, Ol=0livine, Hb=Hornblende, Opc=0Opacite, Opg= Opaque minerals,
Qz= Quartz, P,/ H=Pigeonitic rock series,”Hypersthenic rocks series, N,/R=Normal-
type Reverse-type as defined in Sakuyama®.
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1 Modal compositions of phenocryst (volume %) vs. silica content of bulk rock
(weight %) for volcanic samples from Myoko and Kurohime volcanoes

Myoko: A = P-series, N-type, /A = H-series, R-type, Open X = H-series, N-type

Kurohime: € = P-series, N-type, & = H-series, R-type, Open + = H-series, N-type

lizuna: Small +

Samples are excluded from the plot, if modal percent of the corresponding phase

is zero.
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%3 Harker diagrams showing major and trace element contents of volcanic rocks from
Myoko, Kurohime, and lizuna volcanoes. Symbols are the same as those in Fig. 1.

(p.56—58) # 3% Chemical compositions of volcanic samples from Myoko, Kurohime
and lizuna volcanoes.

Locality numbers, geologic units, and stage names are taken from Hayatsu'® and from
Table 1 with the same abbreviations as in Table 2. FeOt = total iron as FeO. Trace
element names followed by (x) show XRF data ; others are those by photon—activation
analyses. — not determined.
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The boundaries between alkali rock series (top), high-alumina rock series (middle)
and tholeiitic rocks series (bottom) in Na;0+ KO vs. SiO; plot is taken from Kuno®. The
boundary between tholeiitic rock series (TH) and calc-alkaline rock series (CA) is

taken from Miyashiro®.
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Symbols are the same as those in Fig. 1.
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£ Logarithmic plot of trace element against Rb for volcanic rocks from Myoko,
Kurohime, and lizuna volcanoes.
Symbols are the same as those in Fig. 1.

MK = Myoko, KH = Kurohime, IZ = lizuna.
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%6 MORB normalized plot of trace

element compositions for basaltic lavas
from the Myoko volcano group.

Myoko: MK009 (Kambazawa Scoria,
Open x), MK0601 (Mitaharayama Lava),
MKB804-8 ( Nishikawadani Scoria), and
MEK1601 (Nishikawadani Lava), Kurohime:
KH0106 ( Yamakuwayama Lava, Filled
diamond), KH2203 (Shokurohime Lava,
Open cross), lizuna: 120202 (Nishizawa
Lava), 121904 (Menosan Lava).
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% 4% Comparison of high-alumina basalt compositons.

OHBEDPDIT VP

;}:\g\

1 2 3 4 5 6 7 8 9 10

Sample MK804-8 MK1000-1 KH0106 170202 Avg-HAB AT-1 AT-1 AT-1-PM K-231 K-15

XRF XRF XRF XRF Avgof 11 EPMA Wet Chem Calculated XRF  XRF
Locality Myoko Myoko Kurohime lizuna Iu & Hmsu Atka Atka Atka Klyuchevskoy

(wt.%)

Si0, 51.66 49.60 49.98 50.22 50.19 49.89 4980 4890 53.31 53.14
TiO, 098 094 089 087 0.75 1.02 096 0.91 1.16  0.86
Al,O4 16.98 18.97 18.02 19.84 17.58 19.43 20.12 18.00 18.14 14.46
Fe;04 - - - - - - 43 393 -— -
FeO 9.19 953 961 970 719 945 551 6.41 825 8.0
MnO 018 0.18 0.18 019 025 0.28 0.18 -— 0.15  0.17
MgO 6.17 = 5.06 6.05 406 739 479 472 917 437 9.27
CaO 9.82 10.30 1053 985 1050 9.17 9.66 8.68 8.08 9.32
Na,O 220 223 2.31 257 275 339 311 333 363 274
K0 091 1.08  0.69 1.03 040 076 078 0.67 1.21 0.88
P20s 0.16 025 012 012 075 — 023 — 0.21 0.13
Total 98.25 98.14 98.38 98.45 97.75 98.18 100.03 100.00 98.51 99.02
mg-no. 57 51 55 55 67 50 50 65 - 51 70
(vol.%)
Pl 224 211 39.6  40.7 - 29.4 - - +HH —
0l 6.6 4.5 35 2.8 - 3.0 - - + +H
Aug 10.4 2.6 9.1 2.5 - - - - + ++
Opx 0.8 - 0.3 - - - - - + -
Mt 0.3 1.0 0.2 0.9 - 0.9 - - - -
Gm 595 648 473 531 — 66.7 - - HH

1-4 High-alumina basalts from Myoko, Kurohime, and lizuna volcanoes

5 Average of 11 high-alumina basalts from Izu and central Honshu Kuno™
melting experiment

6 Atka high-alumina basalt used for Baker and Eggler
(Microprobe analysis).
7 ditto, wet chemical analysis
8 Calculated primary melt of AT-1 (Baker and Eggler®™)
9 High-alumina basalt from Klyuchevskoy (Kersting and Arculus™)
10 High-magnesia basalt from Klyuchevskoy (ditto)
When Fe;0O5 is blank, FeO represents total iron as FeO.
mg-no. = 100 X Mg,/ (Mg+Fe**) where Fe** is assumed to be 0.9 X (total Fe)
Modal contents of phenocryst phases are not available for Klyuchevskoy lavas;
only their relative abundance or absence are shown by + or —.

ySEG)
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5 kb, OI-Opx
reaction point

-] Pseudoternary projections after Baker and Eggler™ *’. A: Plag+Mt projection of
Myoko and Kurohime bulk rock compositions, B: Di+ Mt projection. Liquid line
of multiple saturations (LLMS) determined from experimental data are drawn for
latm & dry, 8 kb & dry, 2kb & 2% H.O, and 5kb & 2% H;O. Ferric/ Ferrous ratios
of Myoko and Kurohime volcanic samples were recalculated for the condition of T=
1150 °C and NNO oxygen buffer. O=AT-1 basalt from Atka. Top enlargement uses
the same symbols as in Fig. 1. Symbols in the bottom enlargement are: + = olivine
bearing rocks, [_]= orthopyroxene bearing rocks, X = hornblende bearing rocks,
small + = Volcanic rocks from lizuna.
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+ Ol bearing
O Opx bearing
X Hb bearing

<—0px 4"0 30 20 10 Qz+Or

%8 Bulk compositions of Myoko and Kurohime samples projected from diopside and
magnetite onto part of Plag —Opx — Qz + Or plane. Orthopyroxene-Plagioclase
cotectics for melt H;O contents of 096, 2% and 4% are drawn after Merzbacher and
Eggler”. The dashed area indicates melt compositions estimated to crystallize
amphibole. Ferric/ Ferrous ratios of Myoko and Kurohime volcanic samples were
recalculated for the condition of T=1150 °C and NNO oxygen buffer. Symbols are
the same as in Fig. 6.
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Proposal of Coherent Synchrotron Radiation at Millimeter
and Submillimeter Wavelengths in a Waveguide
Free-Electron Laser at Tohoku Linac

Bibo Feng'
Laboratory of Nuclear Science, Tohoku University, Sendai 982, Japan

§ 1. Introduction

Coherent synchrotron radiation is the radiation of a great number of charges that
are oscillating in phase with each other within a épatial region comparative to their radi-
ation wavelength. In comparison with incoherent synchrotron radiation, the coherent ra-
diation power level is in proportion to N?, the square of total electron number in a
bunched beam, rather than the N at the case of incoherent radiation”. As there is a great
amount of electrons in a bunch, the power of coherent radiation is several orders higher
than that of incoherent radiation generated by a uniform electron beam. The coherent syn-
chrotron radiation effect was first observed by Nakazato et al.” using a bending magnet
from a 180-MeV bunched electron beam with the Tohoku 300-MeV Linac. The effect of
coherent radiation was supported by several other following experiments *%.

In the case of free-electron laser, the coherent synchrotron radiation generated by a
bunched e-beam is not only in proportion to N? but also to the square of interaction length
in an undulator. Therefore, it is expected that the coherent radiation power level in an un-
dulator is much higher than that in a bending magnet. The coherent effect in undulator
radiation using electron bunches has been observed experimentally *”.

In this report, we propose to develop a waveguide free-electron laser using Tohoku
Linac, which is expected to produce coherent synchrotron radiation in the region of milli-

meter and submillimeter wavelength. There is no other coherent source in the wavelength

'Visiting scientist from the Shanghai Institute of Optics and Fine Mechanics, Academia

Sinica, Shanghai 201800, P.R. China.
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range capable of the requirement of high power, tunability and high brightness. In addi-
tion, FEL would be the only source capable of providing picosecond pulses of coherent ra-
diation using RF linac at such wavelength. This kind of source can be used in many appli-
cation areas, such as solid-state and biological samples with particular respect to their

non-linear response.

§ 2. Coherent synchrotron radiation in a waveguide FEL with electron bunches

We consider a bunched electron beam interacts with a purely sinusoidal undulator
field in a rectangular waveguide. The undulator field is described as

B=Bocos (ky2e, , (1

where ky=2 7,/ Aw and 2w is the undulator period. The synchrotron emission spectrum
from each electron is determined by its trajectory in the undulator. Unlike the broadband
synchrotron radiation from a relativistic electron in a bending magnet, the FEL undulator
radiation can have a rich spectrum with detailed structure in frequency and emission angle.
That emission is produced mainly by coupling the electron transverse motion to the trans-
verse field of an electromagnetic wave. The electron trajectories are determined by the

Lorentz force equations of motion in undulator,

dB__ e

dt rme

(BxB) , D)

-
where e, m and ¢ are the electron charge, mass and speed of light, 8 is theelectron veloci-
ty. The Lorentz force equations can be solved exactly to give the transverse electron veloc-

ity,

V2 K
B.= ZT sin (kw2) ;

BFBw+%%wm@Mﬂ, )

P 1s the axial velocity of the electron in the undulator,
K=(eByAw)/(2V2 xm,c?) is the undulator parameter and 7 is relativistic factor of

where B,0=1— L

the electrons.
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The transverse current density can be described by the electron beam charge density
—
distribution p (7, t) and the transverse electron velocity Br:

-j’r: p(?, t)C/_3>T
— L e g 0)B n
= CB x,yg T)CPT

—¢, I, is the peak current in the bunch, f(x, ) is the transverse density

_ oz
where T= B,
distribution, and g( 7) is the bunch current profile normalized to unit at the peak. The
current can be expanded in a series of harmonics of the fundamental w,=2 7l vgr where
Y gr is the radio-frequency and / is an integer. Using Fourier transformation the bunch

current profile can be described as

gl )= I;V+ZC',cos (w, 1), 6)
p =1

where L, is the average current in the macropulse and C: is the Fourier coefficients.
The fields generated by bunched electron beam inside the waveguide were calculated
using an expansion in terms of the waveguide orthonormal modes. The normalized fields

of TE mode in a rectangular waveguide are given by

—-27rn (mnx).(nn'

Yy,

E. =
T Vb b
_ 2mrm . ,mrnmx nrwy
E yn™= 3 sin( Jeos( 5 )
=2 Be muax nry
H = Zohod o cos(— Jeos( =) (6)

where

2 2
m n
Tin=7r2(a2+ ),

bZ
k= ac): — T,
_ Chm
Be= o (7

and Z,=3779Q is the free-space impedance. According to Poynting’s theorem, the coherent

radiated power of TE,, mode at the harmonic frequency . in waveguide is described as” :
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_ 2o Z.C_’Z K? , (NAw)? rsin( 8/2):2
P By gl T T 1 )
where
0=(L —k,— ko)L .
cB,

is the usual phase shift defining the FEL resonance, L=N A1 the interaction length, 8,
the group velocity, and F the filling factor of electron beam. It is shown that the coherent
synchrotron radiation is proportional to the square of the electron peak current and to
the square of the interaction length.

Assuming the passive loss and output coupling coefficient in resonators are a, and

a., respectively, the outcoupled power can be described as,

a

P,.,=4P, m .

10

When the output coupling loss is equal to the passive losses, we obtain the maximum out-

put power

§ 3. Resonant frequency in waveguide FEL
In waveguide FEL, the strongest interaction is expected when the phase velocities of
the radiation mode and waveguide mode are equal. According to the interaction of FEL
mode with the waveguide mode, we could find the FEL output coupled frequency.
The dispersion relation of electromagnetic wave in waveguide is given by
wl=c*k*+ wl , (12
where w,, is the cutoff frequency of the waveguide. In addition, to obtain a net energy
exchange in waveguide FEL the electron velocity should satisfy a resonant condition that
corresponds to the following dispersion relation:
w=(k+kDv,, 1
where v, is the electron axial velocity. Solving equations of (12) and (13, we obtain the

explicit solutions of the radiation frequency as following,
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w:=7"k.w, 1J_r,3,\/__wwz "
[ ! (hkwvz) ]

where we have defined 8,=v,/cand 7,=(1— B87) "% The w= represents the FEL
Doppler upshifted and downshifted interaction frequencies.

The coherent synchrotron radiation process is of particular interest in a waveguide
FEL with bunched electron beams. One of the reasons is that the electron axial velocity
can be adjusted to match the group velocity of the radiated waveguide mode. Another rea-
son is that it is possible to select the operating mode in the waveguide. In addition, a
more important reason is the possibility of realizing an optical mode of small and con-
stant cross section that can be propagated with low attenuation along the waveguide, a-
voiding the strong diffraction losses which would be present in an open resonator at the

mirror apertures and at the ends of undulator.

§ 4. Design of a waveguide FEL at Tohoku Linac

It is possible to obtain the coherent FEL radiation using an undulator and bunched
electron beam on the Tohoku Linac with rf frequency of 2856 MHz. The main parameters
of the Linac are described as in Table 1. The bunched electron beam energy can be adjusted
from 10 to 75 MeV. The cross-section area of the electron beam is 2X2 mm?. The macro-
and micropulse duration of the bunched beam is 3 s and 4ps, respectively. The longitudi-
nal bunch length is 1.2 millimeters.

The undulator can be made of permanent magnets to provide a linear polarized field.
It is easy to enable the undulator parameter K to be changed in the range from 1 to 3 ad-
justing the gap of the undulator poles. The undulator period of 10 centimeters is selected
for the FEL to operate in the region of millimeters. A rectangular copper waveguide is
used to reduce the laser diffraction loss in the interaction region and to select the availa-
ble operating mode. Its cross area is 10X5 mm®. The resonant mirror can be made of met-
al wire grids to provide reflecting and output coupling. As the limitation of FEL reso-
nance condition, the electron slips, in phase, a wavelength for an undulator period in free-
space with respect to the electromagnetic wave due to their different velocities. However

it is possible to choose available undulator, waveguide and cavity parameters to reduce
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this slippage effect to zero. When the condition, 1 ,<2 7,b, is satisfied, which is usually
called as “zero slippage” condition for the fundamental mode in a planar waveguide, the
group velocity of the electromagnetic wave is closed to the electron velocity . At this case,
the gain curve has a relative broad bandwidth which corresponds to a better efficiency.
Furthermore, the resonant cavity length should satisfy the synchronism between a

wave packet and electron bunches entering the undulator. This condition is described as,

1
Lc: ——Z—nc BgTRF, (15)

where L, is resonator length, B, is the wave packet group velocity, Tzr= 1/ vgr and n is
the number of wave packets in the resonator. There are 24 optical micropulses circulating

in th ity if cavity length of 125.34 '
m the cavity 1f cavity length o o Table 1. The parameters of Tohoku Linac.

and other parameters in table 1 and 2 are

Accelerator
Type RF Linac
sed.

E RF frequency 2856 MHz

The electron beam distribution only ef- Beam energy 10-75 MeV

) o _ Energy spread 0.2 %

feCtS on the FOurler COfoIClent Cz mn the ex- Macropulse dura_tion 3 us

. .. Micropulse duration 4 ps
pression of coherent radiation power. The Current 200 mA
amplitude of the C; reduces rapidly when Average current 150 A

the number of harmonic increase. It is found Table 2. Parameters of Coherent Synchrotron
Radiation in Waveguide FEL.

that the output powers are not so sensitive

Wiggler
to electron bunch distribution. However, the Type Planar
Permanent
lower level harmonics contribute much higher Period 10 cm

Number of periods 10

powers to the coherent radiation. In the fol- Wiggler parameter 2

lowing analysis we assume that the electron Wiggler field 0.214T
Waveguide
bunches have rectangular distribution. Type Rectangular
.. , copper
The dependence of coherent radiation Size 5% 10 mm?
. . Cavity
spectra on the RF harmonics are shown in Length 12m
Figs. 1 and 2. Using the parameters in table 2, Passive ) 5%
Output coupling 5%
the Doppler downshift and upshift frequencies  Coherent Radiation
. Mode TEa
are equal when the electron energy factor is Wavelength 1.0 mm
Power 6.28 mW

7 =22.47. In this case, the electron beam
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and wave packet propagate
almost as the same velocities in
the interaction region, in which
the FEL is operating in the zero
slippage condition. In Fig.1, the
maximum power of 6.28mW is
obtained at frequency of 348.4GHz.
The total coherent radiation power
is 236mW in the frequency band
between 150 and 450GHz. As the
electron energy of 15MeV used,
the FEL will be operated in two
different Doppler frequencies. The
output power spectra are shown
in Fig. 2. Two peak powers of 9.04
mW and 0.65mW are obtained at
the frequencies of 185.6GHz and
856.8GHz, corresponding to har-
monic numbers of /=65 and /=300,
respectively. Adding up the power
in the frequency range of 120 to
220GHz, the total power of 79mW
is obtained near the Doppler down
shift frequency; the total power
of 20mW in the range of 750 to
950GHz is obtained near the

Doppler upshift frequency.

[}

»

Power (mW)

N

VAN

200 300 400 500
Frequency (GHz)

Fig. 1. Coherent emission spectrum at zero
slippage condition.
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Fig. 2. Coherent emission spectrum.
Top: Doppler downdrift frequency resonance.
Bottom: Doppler updrift frequency resonance.
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