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Some preliminary data on total yields of #Ca (7, 7~) “meSe, CL(y, m*) IS, Al
Cr, #") Mg, "N(7, z7) "0, "B(7, 77)"C, and "Li (7, 7~) "Bereactions induced
by bremsstrahlung of end-point energies (E,) from 40 MeV to 1200 MeV are reported. The
yields appear to increase with increase of the target mass (A,) up to 4,=30-40, and attain
constant values. The reported yields of "N (7, 77) “O was confirmed to be anomalously
small compared with those of ( 7, z7) reactions on the near-by targets. The yield ratio
of (7, #7) to (7, 7™) reactions are about 6 over the studied A, range, irrespective
of E,. A photon-induced cascade-evaporation calculation by Gabriel and Alsmiller was
performed and compared with the present results for the reaction on “Ca, ¥Cl, “Al and "N.
New implications regarding to photopion reaction mechanism were extracted from the

present series of work, and are discussed in some lengths.

§1. Introduction
Photopion reaction yields have been under study as functions of bremsstrahlung end-

point energy (E,) from 30 to 1200MeV and target mass (A,) from "Li to *Bi by radio-
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chemical technique in our group ' ~*’. It has been found that (1) photons responsible for the
reactions are mostly of energies lower than 400 MeV but higher than 140 MeV (=pion rest
mass) '~ (2) the ( 7, 7 xn) reaction yields of x > 1 are strongly dependent on A, and
the maximum yield from a given target of A, ~>100 is observed at x = 3-4 with apprecia-
ble yields even at x up to 927*,(3) (7, #7) and (7, 7 %) yields are independent of A,
on a range of A,>50°"* and (4) the yield ratios of (7, 77) to (v, m") reactions are
about 5 over the studied range of E,, while the photon-induced cascade-evaporation calcu-
lation based on the PICA code by Gabriel and Alsmiller °~® indicates that the ratio is
about 2 at 250-400 MeV *’

In this paper, some preliminary results on the (7, 77) and (7, #") yields from the
targets of A,< 50 are reported : #Ca (7, #~) “™#Sc, "Cl (7, #7) 7S, A Cy, 7D
Mg, "N (7, #7) "0, "B(7, #7) "Cand "Li(7, 77) "Be. Among thesereactions, the
literature data for “Al1( 7y, #*) ¥Mg’~®, “N(y, 7)) 0", "B(y, z7) "C* n-1)
and “Li (7, 77) "Be' '® reactions are available in certain E, ranges and compared with
the present ones. The results of the yield measurements will be discussed in terms‘ of
Y(E,, A) in units of ub/equivalent quanta, as a function of E, because the character-
istic features of the A ,-dependence of the photon energy (%)-integrated cross sections,
§ o (k) kdk, was found to be the same as those of Y (E,), due to the resonance nature

of the photonuclear interactions at the concerned energy region =0,

§ 2. Experimental

Bremsstrahlung beam of E,=40-250 MeV was obtained from the 300 MeV electron
linac of the Laboratory of Nuclear Science (LNS) of Tohoku University and an electron-
free collimated beam of 250-1200 MeV was from the 1.3 GeV electron synchrotron of the
Institute for Nuclear Study (INS), University of Tokyo. The photon intensities were 10"'-
10"eq. q. at LNS and 10 ®-10 ®eq. g. at INS, as deduced from monitor reactions of Ay
(7, n) '®Au at E,=40-100 MeV""""® and *Al (7, 2pn) *Na at £,=125-1200 MeV'? in the
same irradiations as the targets.

The details concerning targets preparation, irradiation, data analysis and the correc-

tion method for secondary reactions were described in our previous papers =% The chemical
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form, purity, and size of the target are shown in Table 1. After irradiation the NaCl and
CaCO ; targets were subjected to chemical separation of ¥S (T, ,,=5.05min) and *™#Sc
(T,,,=2.44d and 3.93 h), respectively. The chemical procedures are presented in Figs. la

and 1b. The isolation of the sulfur activity was performed within 10-15 min with chemical

Table 1. Target descriptions.

Chemical Purity Size Thickness
composition LNS INS LNS INS
“Ca CaCO;, 99.9% 10mm¢  25mm¢  800mg/cm?® 800mg/cm?*
IC1 NaCl 99.99% 10mm¢  25mm ¢ 700mg/cm? 900mg/cm?
FTA] Al 99.5-99.999% 10mm ¢  25x25mm  13.5mg/cm? 270mg/cm?
“N BN 99% 10mm¢  25mm ¢ 500mg/cm? 800mg/cm?
"B B 99% 10mm¢  15mm ¢ 250mg/ecm®  1200mg/cm?
"Li LiH 97% 10mm¢  25mm ¢ 220mg/cm? 220mg/cm?

(a) (b)
_NaCl _CaC0O3
le— hot H,0 — 20mg Sc3+ carrier
— 20mg 502 carrier l#— 15.20ml conc. HCI
l¢— a few drops of conc. HCl < aq.NH3
<— IMKCIO; f |
e 1% BaCly (discard) o
conc.HCl1
’ t: aq.NH3
fil. ppt.
[BaS0O4] i l
sup. ppt.
‘ (discard) min. conc.HCl
wash with hot H,0 T
25ml HyO
15ml (NHy) C4H406
aq.NHj3
to adjust pHto 7
beat
|
|
fil. ppL.

[Scz(C4H406)3]

Fig. 1 The chemical separation procedures () for S from NaCl and (b) for Sc from CaCO ;.
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yields of 80-90%. This was necessary to avoid high background of 7-spectrum due to 32.2
m *"Cl produced by *Cl( v, n) and ¥Cl ( 7, 3n) reactions. Scandium isolation required
about 30 min to remove spallation products mostly from “Ca comprising 96.94% in natural
abundance. The chemical yields of scandium were 50-909¢ as determined gravimetrically.
The product activities from the other reactions were determined nondestructively. Photo-
peak assignment and evaluation were performed with a new automatic peaksearch program,
“SPEC anal” by Hamajima? which bases on the original one by Komura®’. The relevant

nuclear data® are tabulated in Table 2.

Table 2. Relevant nuclear data for yield measurements.
Nuclide Half life  7-ray energy [keV] Intensity [ %]

“mSe 2.442d 271.241 86.6
“zSc 3.927h 1157.008 99.9
7S 5.05m 3103.98 94.0
Mg 9.462 m 843.8 73
e 1.1768 m 2312.7 99.388
e 20.39 m 511 087] 199.5
"Be 53.29d 477.6 10.39

§ 3. Results and discussion
The observed yields in unit of ub per equivalent quanta ( #b/eq. q.) are furnished in

Tables 3-4. The tabulated values are the weighted means of the values obtained from dif-

Table 3. Observed yields (#b/eq. q) of ( 7, 7 ~) reactions.
Reaction “Ca(7, 77)"S “Ca(y, 77)*S “N(7, z7)*0 "B(7, z7)"C "Li(7, ") "Be

Eo,[MeV] observed n  observed n  observed n  observed n  observed n
1200 14(1) 1 64.7(32) 1 56.1(11) 1 95.3(13) 2
1000 22(4) 2 74.8(27) 2 60.5(5) 2 46.5(9) 3

950 25(4) 1 75.7(29) 2 60.4(2) 2 44.0(9) 2
900 17.2(18) 1 62.8(17) 1 1.1(2) 5 57.9(6) 1 52.1(10) 1
825 1.1(1) 6

750 500(26) 1 62(5) 2 60.3(11) 3 41.7(12) 3
700 49.3(6) 1

650 24(10) 1 54.0(42) 1 1.1(1) 5 56.6(9) 1 17.1(6) 1
550 18(3) 1 56.5(36) 1 55.7(17) 1 46.9(21) 2
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Table 3. (Continued).
Reaction “Ca(7, 77)"Sc “Ca(y, 7)*%S “N(7y, z7)"0 "B(vy, z7)"C "Li(7y, n7)Be
Eo[MeV] observed n  observed n  observed n  observed n  observed n

525 0.80(11) 6

500 329(6) 2

450 29(11) 2 56(6) 2 45.6(1) 1 33.8(26) 1

425 0.80(13) 6

400 45.7(21) 1

375 39(9) 1 46.9(11) 2 64.0(36) 2

350 61(60) 1 84(34) 1 43.4(28) 2 23.6(28) 2

320 37.3(9) 3

300 18(8) 1 334) 1 083(24) 5 455(20) 1t 20.6(33) 1

280 1.3(3) 6

275 39.5(17) 2 43.3(40) 2

260 24(41) 1 32(8) 1 096(24) 4 447(22) 1 23.4(21)

250 40017 2 29(6) 4 41.3(14) 2 22.8(23) 3

230 3.43(11) 1 266(4) 1 31.0(2) 1

220 22(2) 2 1634 2 31.2(2) 2 212 1

200 21.8(3) 2 1421 1

180 33.5(12) 1

175 222) 2 17114 1 24.8(2) 1

160 26.08) 2

130 1.19(35) 1 11.5(6) 1 229(56) 2 6.78(20) 1

125 2.69(212) 1 11.7(7) 1 25.2(5) 1

100 1311 1 14.009) 1 21.2(6) 2 5.91(20) 1
80 25(12) 1 43(6) 1 18.4(1) 3  570(6) 2
66 0.725(37) 2 9.42(2) 2 148(1) 2 5.65(5) 2
50 0.46(5) 2  7.44(15) 2 11.1(1) 2 394(5) 1

The observed yields are the weighted means of n determinations.
The numbers in parentheses are experimental errors to the last digit (s); for example, 64.7
+3.2 is expressed as 64.7 (32).

ferent irradiations at the same E,. The number of measurements (n) follows the yield
values in the tables. The errors associated with the yield values were originated from the
counting statistics and the decay curve analyses.
3.1 Yield curve
Variations of the yields as a function of E,(yield curve) are illustrated in Figs. 2-8.
The arrows along the E, axis denote the @ values of the reactions. The secondary reactions,

(p, n) and (n, p), produce the same radionuclides as the primary (7, #7) and (7, 7 %)
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Table 4. Observed yields (#£b/eq. @) of (7, @ ") reactions.

Reaction A1 Cy, mT)¥"Mg IC1(Cy, #)¥S
E.[MeV] observed n observed n
1200 59.2(6) 2 21.4(3) 2
1050 53.1(8) 1
1000 66.2(9) 1 16.6(5) 2
950 54.1(15) 1 14.6(5)
900 71.4(8) 2 19.5(5) 1
850
800 51.5(18) 1
750 55.4(8) 3 15.6(4) 4
700 52.8(9) 3
650 55.2(8) 1 14.1(4) 1
600 43.3(25) 1
550 50.1(7) 3 14.8(5) 2
500 37.1(1) 3
450 49.7(18) 2 14.2(7) 2
400 38.3(21) 2
375 33.4(13) 2 8.99(62) 2
365 30.6(27) 1
350 26.4(12) 3 9.55(143) 1
320 34.4(10) 3
315 30.8(38) 1
300 39.2(15) 1 12.8(7) 1
215 29.6(13) 3 7.62(65) 2
260 33.1(13) 1 8.24(54) 1
250 22.7(6) 5 6.93(53) 5
230 15.6(1) 2 2.88(2) 1
220 23.7(5) 2 4.40(4) 2
200 33.0(8) 1
175 13.8(2) 1 2.63(3) 1
160 16.9(6) 1 1.83(4) 1
130 2.56(7) 1
125 11.4(4) 1 4.64(20) 1
100 9.85(43) 1 1.54(7) 1
80 6.7(2) 2 1.39(2) 2
75 2.59(7) 1
66 1.27(1) 1
65 8.13(9) 2
55 9.97(10) 1
50 10.3(1) 1 1.56(1) 2
40 6.67(10) 1
The observed yields are the weighted means of n determina-
tions.

The numbers in parentheses are experimental errors to the
last digit (s); for example, 59.20.6 is expressed as 59.2 (6).
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reactions, respectively. Correction for the contribution of the secondary reactions was
performed to the observed yields for #Ca (7, 7 )*™¢Sc, Cl1 (7, #7)%S and "Al (7,
7 *)¥ Mg reactions, on the basis of our method describe(i earlier ' 7%, The yield values
for “UN (7, #7)"0, "B( 7, #7)"C and "Li( 7y, m~) "Be reactions are not corrected
for the secondary contributions due to insufficient measurements below pion threshold and
/or lack of cross sections of (p, n) reactions at the relevant particle energies (up to 100

MeV). Therefore, the uncorrected observed values indicate upper-limits for the primary

yields.

In the following, the calculation by a Photon-induced Intranuclear Cascade Analysis
(PICA) code by Gabriel and Alsmiller *~® was performed and compared with the present
results for the reactions on *Ca, ¥Cl, ¥ Al, and "“N. The incident particle histories of 2X
10 ¢ were followed in the calculation with the same parameter values as those given by the

original authors. The features of the yield curves for the individual reactions are as follows.

“Caly, 1)*“"Sc ) observed values *Caly, 1)*"Sc net values

100 T T T T 100 T e ]
(a) 1 r (b) ]
‘% b % $
L
10 1 10 b
— : / ]
]
3 ==
; 1 ol -~ - 48,46,44.43 A pye——
,>9‘ @ Calp, x)**"Sc o
| e 1r / B
$ b ﬁ
Q ’ Q
0 ] ¢ 1 " 1 1 L ! . 1 n 1 L ¢ 1 L | | 1 n 1 " 1

. 0.1
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
Bremsstrahlung end-point energy [MeV] Bremsstrahlung end-point energy [MeV]

Fig. 2 (a) The observed yiélds for #~Sc from *Ca as a function of E,. The dashed curve
represents the estimated secondary yields from ****Ca (p, x)*"Sc. (b) The varia-
tion of the net yields for #Ca (7, 7~ )*"Sc as a function of E,. Solid curve is to

guide the eye.
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“Caly, 1)**#Sc observed values “Cafy, m)*8Sc ) net values

100 T T T T ] 100 ; T T T T T
(8) [oX0) 1 (b) :
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Bremsstrahlung end-point energy [MeV] Bremsstrahlung end-point energy [MeV]

Fig. 3 (a) The observed yields for **Sc from *Ca as a function of E,. The dashed curve
represents the estimated secondary yields from *** *Ca (p, x)“#Sc. (b) The varia-
tion of the net yields (open circles) for *Ca (7, 7~ )*#Sc as a function of E,. Solid
curve is to guide the eye. The open squares denote the PICA results.

(@ *“Ca(y, 77)*Scand “Ca(r, 77 )*Sc

Figs. 2 and 3 show the yield curves for “Ca (7, 7 )*"Scand “Ca (7, 7~ )*Sc, res-
pectively. The open circles in Figs. 2a and 3a show the observed yield values that increase
with increase of E, starting 50 MeV below the pion threshold and a shoulder appears a-
round 150-200 MeV. The values again increase steeply and attain a second plateau around
E ;=400 MeV. The yields, especially of *"Sc, scatter by about factor of 5 at K, > 400
MeV because of a low activity due to a low isotopic abundance (29) of *Ca and a low
beam intensity.

#n.¢Sc is also produced by ®Ca (7, 7 4n), ®*Ca (y, 7 2n), and ®****Ca (p, x)
reactions. The contributions from these two photopion reactions are negligible because of
low isotopic abundances of *Ca (0.187%) and **Ca (0.004%) and low reaction yields esti-
mated from ( 7, 7 xn)systematics®. The estimated contribution from the (p, x) reac-

tions is shown by dashed curves in Figs. 2a and 3a. The secondary yield curve for “mSc was
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obtained by assuming that the shapes of excitation functions for ** **Ca (p, x)*"Sc are
the same as those for ®***Ca (p, x)*Sc calculated by the ALICE code® . The evalu-
ated contribution from the (p, x) reactions to the observed yields of “"Sc is about 10%
at Eo >>400 MeV and that to the observed yields of *8Sc is about 40% at E, > 400 MeV
with the uncertainty of 30%.

In Figs. 2b and 3b, the net yields (the difference of the observed yields and the estimat-
ed secondary reaction yields) for the primary reactions are shown by open circles. The '
open squares in Fig. 3b denote the calculated values at E,=200, 250, 300 and 400 MeV by
the PICA code. The net yields increase steeply above the @ value and attain a plateau
at E o= 400 MeV. The weighted mean values at the plateau region of E ;= 500-1200 MeV
are 14 and 39 ub/eq. q. for “"Sc and *“#Sc, respectively, and the yield ratio of *"Sc
to *8Sc is 0.36. The calculated values by the PICA code are higher by factor of about 3
than the measured yields.

() “N(7, z7)"0

The reaction, *N ( 7, 77)"O, has received a special interest in radiochemical meas-
urements of the residual activity as well as in physical ones of the emitted pion for a long
time, because this reaction is one of the favourable ones that involve only one final nuclear
state stable against nucleon emission and anomalously slow transition rates in the A=14
isobars as observable in the reactions *C ="“N+e + v and *O—="N+e*+ v, and calls
an outstanding attention for studies on the processes N+ y—"C+ z* and N+ y—="0
+ 77, as well as radiative pion and muon captures®. However, the experiments, especially
by the activation method, in the A(1236) region have been still not extensive, in spite of
many theoretical examinations. The total cross sections for “N (7, 7#7) reaction reported
by DeCarlo et al.'” up to E,=710 MeV are actually quite smaller by an order of magnitude
or more than the photopion production cross sections from the reactions on the near-by
light nuclei, 2C(y, #7)%Nand "Li( 7, 77) "Be, whose residual nuclei have only one
(17" ground) and two (2/3” ground and 1/2" first excited) bound states, respectively, and
also those from the ( 7, m ™) reactions on other heavier nuclei that involve sum over a

10)

large number of final states. The yield values by DeCarlo et al.”™ are also quite low, except

at the threshold region, compared with the shell model calculations in the frame-work of
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the distorted-wave impulse approximation (DWIA), while Singham and Tabakin™ stressed
that phenomenological p-shell wave function can explain Gamow-Teller suppression and

M1 radiative width and resolve the discrepancy from the experiment.

Our attention to this reaction in the present work is an experimental confirmation of

14N (,Y, x-)MO
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Fig. 4 The observed yields (open circles) of “O from "N
as a function of E,. Closed circles are the values
for the primary yields reported by DeCarlo et al.'”
and open squares show the calculated values by PICA

code.

the anomalously small yields as observed by DeCarlo et al.'” In Fig. 4 the observed yields,
not corrected for the secondary contribution, N (p, n)"O, and giving upper limits for
the primary reaction “N (7, 7#~)"O, are shown by open circles. The yield values by De-
Carlo et al.'” are shown by closed circles. Also shown by open squares are the calculated
values by PICA. The present results for the upper limit of 0.8-1.0 gb/eq. g. at 300 MeV
< E, <900 MeV are well consistent with 0.66 #b/eq. q. by DeCarlo et al.'”, and about
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10 times smaller than the PICA values. The PICA code was described by the original au-
thors, to be applicable to the target nuclei of A, >12*%. But it is obvious that the code is
not appropriate for this case and requires a modification specific to the nuclear transition
in the A=14 isobars. At present, our measurements of the yields are insufficient in terms
of E, steps and the assessment of the secondary contribution, and furi;her experiments for
these points are under way, though the results up to E, =710 MeV by DeCarlo et al.'®
seem to be correct.

© "B(r, zD)"C

Several experiments on the yield measurements on "B ( 7, #7)"C reaction have been

reported, since the earliest activation measurement was done for this reaction in 1958 by

Hughes and March'”. The nucleus "B is interesting because the "C ground state is the
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Fig. 5 The observed yields (open circles) of "'C from "B as
a function of E,. The correction for the secondary re-
action is not performed. The closed symbols are the
values for the primary yields by Hughes et al.'"@), Ny-
dahl et al.'”@®, Noga et al. @), and Min et al.'A).
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mirror of the "B ground state and the " C nucleus has several known particle stable states.
So Dyal and Hummel'? paid their attention to "'C and "Be yields from "B (7, #*) reac-
tions at E ¢=80-300 MeV and the yields of "B (7, #7)"C reaction in the threshold region
were also studied in detail by Min et al.'¥ Although the previous results obtained in the
threshold region by different groups agree within experimental errors with each other
except for those by Noga et al. ®’ who extended the measurement up to Eo=1.2GeV, the
measurement was repeated also in the present work. The present result is shown by open
circles together with the previously reported ones®'*™* (closed symbols) in Fig. 5. The
observed "'C activity below the photopion thereshold shows a clear shoulder at E =100-
150 MeV which are regarded to be due to the secondary "B (p, n) and "B (p, 7) reactions.
The correction for the secondary contribution is not yet performed, but the result appears
not inconsistent with the previous works, though not decisive yet for the two discrepant
previous results by Nydahl and Forkman'®, and Noga et al. ®

d "LiCy, 77)"Be

As mentioned above, two particle stable states are available in "Be, and Bosted et
al.'® reexamined the yield measurement from the threshold to 360 MeV, first performed
up to E,=1180 MeV by Noga et al.'® and found that the results of both "Li( 7, 7#7) "Be
and "C (7, #7)"N reactions were well reproduced by a calculation performed by Epstein
et al.® and Singham and Tabakin® using Haxon’s wave function and Blomgqvist-Laget
parametrization of the elementary amplitude (DWIA). Epstein et al.” also showed the
relative importance of the two final states.

The present work intended to confirm the measurement to E,=1.2 GeV. In Fig. 6 the
observed yields of "Be are shown along with the results of Bosted et al.'® (closed squares,
up to E,=360 MeV) and Noga et al.'® (closed circles, : see note in Fig. 6). The values re-
ported by Noga et al. are lower by an order of magnitude than those by the present work
and by Bosted et al. It is also clear from the yields below threshold that there exists the
secondary contribution of the same amount as Bosted et al.’s'”. Bosted et al.'® fitted an
isochromat shape calculated from "Li( 7, p) cross sections to the below-threshold points
(100, 135 and 140 MeV) to subtract this contribution due to the two-step process 'Li ( 7,

p) followed by “Li (p, n) "Be. However, more extensive measurement below the photopion
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7Lily, x)Be observed values
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Fig. 6 The observed yields (open circles) of "Be from ’Li
as a function of E,. The correction for the secondary
reaction is not performed. Literature values by
Noga et al.'® and Bosted et al.' are shown by closed
circles and squares, respectively. The measurement
up to E¢=1180MeV reported by Noga et al.'®, but
the yield values were quoted by Ref. 15. are higher
by an order of magnitude than the original ones in
Ref. 16. The primary yields were also given by the
previous authors.

threshold by the present work indicates that a care is required for the assessment of the
contribution. While the scattering of the data points is large and additional measurements
are required, the present results are in good agreement with those obtained at E, << 360
MeV by Bosted et al.' as far as the comparison is made on the secondary-uncorrected
values, and extend them well to E,=1.2 GeV. The full line in Fig. 6 is from the theoreti-

28)

cal calculation performed by Epstein et al.”® and quoted by Bosted et al.'® to show how

the experiment at the threshold can be explainable by full interaction.
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Fig. 7 (a) The observed yields of ¥S from “Cl as a function of E,. The dashed curve
represents the estimated secondary yield from ¥Cl (n, p) ”S. (b) The variation of
the net yields for ¥Cl (7, #¥)S as a function of E,. Solid curve is to guide the
eye. Open squares show the calculated values by PICA code.

(e) Cl(r, zH)¥S

No previous report exists for the yield measurement on *Cl (7, = *)¥S. In Fig. Ta,
the observed values are plotted as a function of E . The secondary contributions as esti-
mated by the same way as described above for *Ca (7, 77 )*Sc are around 30% of the
observed values at the plateau region of E,=400-1200 MeV. The net yields for the primary
reaction are compared with the PICA results in Fig. 7b. The shape and magnitude of the
yield curve are quite similar to those for *K (7, z*)*Ar D Sy (y, 77 Ti" and other
(7, 7*) reactions on heavier targets ("Rb®, ®Cs**, ®Ba™, La®, " Ta®) The
PICA calculation tends to overestimate, by a factor of about 2.5 at E,=400 MeV. A further
measurement is in progress to obtain better statistics and the values at smaller £ steps.

(f) #Al(Cr, z%)"Mg

A large number of the yield measurement of Mg from Al (7, z7) reaction have
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Fig. 8 (a) The observed yields of ¥Mg from ¥ Al as a function of E,. The dashed curve
represents the estimated secondary yields from #Al (n, p) ¥ Mg. (b) The variation
of the net yields (open circles) for Al (7, #+)*Mg as a function of E,. The closed
symbols present the literature values ; A : Masaike”’, Il : Noga et al.®’, 4 : Blom-
qvist et al. . Solid curve is to guide the eye to the present results. Open squares
show the calculated values by PICA code.

been reported, but the results are quite different among different reports. The present
results are the weighted means of multiple measurements at single E,, but still scatter
by a factor of 2 (Fig. 8a). However, the magnitude and shape as obtained for the primary
reaction by correcting the secondaries are distinctly different from those of Masaike "’ and
Blomgvist et al. *> and closer to the values by Noga et al. ®’ as shown in Fig. 8b, though
the results obtained by Blomqvist et al. ®’ seem to be consistent with the systematic trend
in term of A .-dependence shown in the next 3.2 section. The calculated results by PICA seems
to be higher than the present ones.
3.2 Target mass (A,) dependence of (v, n ) and Cy, n™)

The (7, #7) and (7, m*) yields at £ ,=400 MeV are presented as a function of the

3,31

target mass number (A,) in Fig. 9a together with the published '~ and unpublished
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Fig. 9 (a) The variation of the net yields for (y, 7 )and Cr, ©#*)
reactions at E, =400 MeV as a function of target mass number
(A). Circles and squares show the yields for (7, #7) and (7,
7 *), respectively. Open and closed symbols represent the present
yields and the literature values, respectively. The two dashed
lines are the weighted means for A, > 50. (b) The variation of
the calculated yields for (7, z#7) and (r, 7 ") reactions by
PICA code as a function of A,. The two dashed lines are the
weighted means for A, >>50.

results by our group (open symbols) and the available literature values 7o1L18716.3D) (c]osed
symbols). Circles and squares represent the yields of (7, 77) and (v, m*) reactions, re-

spectively. The error bars associated with the symbols are the range of scatter in the yield
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curves.

As mentioned in the Introduction, the yields of ( 7, 7 ~) reactions on A, > 50 are
shown to be independent of A,. The weighted mean value of the yields for A, >>50 is 83+
7 1b/eq. q. at Eo =400 MeV. For (7, 7") reactions, the yields are also independent
of A, 2>41, the weighted mean values at £,=400 MeV is 132 pb/eq. q. The yield ratio
of (7, #7) to (r, %) is about 6. In other E, a general feature is same ; 96+7 for ( 7,
n7), 172 for (v, n*) reactions at E,=800 MeV and 48*4 for ( v, n~) and 5.9+1.2
for (v, n™) reactions at E =250 MeV. In Fig.9b, the calculated values for the correspond-
ing reactions by the PICA code at E , =400 MeV are presented also as a function of A,.
The calculated values for (7, #7) and ( 7, 7™) reaction are also independent of A,, but
the former yields are about 35% lower than the measured yields and those for ( 7, z*)
reaction are 160%¢ higher than the measured ones.

The constancy of the yields of (7, 7 ) reactions is now extended to lighter A, of

1000 ¢ I , , . —
o E, = 400 MeV measurement -

LT T 3 - EP—.%

100 £ e — - = —$—]

Yield [ub/eq.q.]
)

13 >y O a- (This work) |3
r ¢ O x+ (This work)
r ® - (Literature)
L ®m g+ (Literature)
L { | | I
0.1 0 10 20 30 40 50

Target Mass Number (A))

Fig. 10 The variation of the (7, #7) and ( 7, # ) yields in a range of A, <55. The
literature values on "Li( 7, 77) "Be at £, =360 MeV by Bosted et al.'®, and 2C
(r, #7)"N at E ;=380 MeV by Epaneshinkov et al.® and at & ,=2360 MeV by
Bosted et al. ' are cited. The dashed lines show the weighted means of { 7, 77) and
(7, ") yields in the range of A,>>50 in Fig. 9a.
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about 40, possibly of 27 in the present work, but the yield values reported for ‘Be (7,
7)) °Li*® are smaller than the trend from those on heavier A, (lower dotted line in Fig.
10). The same feature appears in the A -dependence of ( 7, 7~) yields toward the values
for "B (7, 7 )"C and "Li( 7, 7~ )"Be (upper dotted line), and the reaction yields
of 2C (7, #7)2NS* and YN (7, 77)"0 look anomalously small. The two dotted lines
that increase with increase of A, so as to connect the °Li point or the "Be and " C points
smoothly to the respective two broken lines derived from yields for (7, #*) and (7, 77)
reactions on A, > 50 are also parallel, showing the yields ratio of 6 for the two types of
reaction. The same trend is reproduced by the PICA code, but the yield ratio is about 1.6
which is close to the neutron to proton ratios of target nucleus.

The activation method for ( 7, 7*) reactions has advantages that the measurement
sums over a large, unknown number of final states which are stable against particle emis-
sion. Theoretical approaches in (3, 3) resonance region, therefore, largely rely on statisti-
cal ones such as PICA. For a detailed theoretical analysis, favoured cases are those of the
final nuclei which have a small number of the bound states, for which several measure-
ments and theoretical analyses have been performed in the threshold region. As noted above,
only one bound state is available for *O and two for ?N and "Be, while several for the
others. The number and strength of the possible transitions to the bound states appear
strongly affect the yield values. The cases of “Nand “Cseem to be still exceptional in
strong suppression for the transition(s). The constant yields with respect to A, of > 30-
40 suggest that a limited number of the bound state are effective to lead to ( 7, 7*) re-
actions and the increasingly excessive excitation in (3, 3) resonance to the unbound states
contributes exclusively to increasing probabilities of particle emissions resulting in (7,
7 Txnyp) reactions®®".

The high values of the observed yield ratio for ( 7, #*) reactions may have a new
implication for nuclear structure that is not included in the theoretical ground of the PICA
code. The code approximates the continuous charge density distribution to the three concen-
tric spheres of 0.9, 0.2, and 0.01, where the neutron to proton density ratios are all equal
to the ratio of neutrons and protons for the entire nucleus. Cross sections for the photo-

absorption by a nucleon at (3, 3) resonance region were taken from those of the elementary
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processes for free nucleon-photon interactions, and the intranuclear cascade calculation of
Bertini® was included to account for the mean-free path of the secondary particles. Pion
absorption is assumed to occur via a two-nucleon mechanism with cross section for a
charged pion by a nucleon with isobaric spin projection of opposite sign (i. e., a pair of
nucleons must contain at least one proton to absorb a negative pion and at least one neutron
to absorb a positive pion). Thus the higher yields of (7, 7 ™) reactions and lower yields
of (r, z™) reactions, as found in the present series of studies, than those expected from
the PICA calculation would possibly be understood if the neutron density in the sphere(s)
closer to the nuclear surface is higher than the one assumed in the calculation. The initial
production of negative pion through 7 n—> 7z~ p would dominate over those of positive
pion through 7 p—> 7" n, and the secondary absorption of negative pion through =z ~+
pp or 7~ +pn would be less than those of positive pion through 7z *+np or z*+nn. These
processes leading to ( 7, #7) and ( 7, 7™) reactions are considered to occur in the surface
part of the nucleus, but not proportional to AZ”®. On the other hand, the entire volume
of the nucleus seems to be involved in the processes leading to the A,-dependent ( 7, 7~
xn) reactions in a way not proportional to A, nor to S%, S being the number of proton or
neutron in the target nucleus and @ being ~ 0.6 for #* and ~ 1.15 for proton®. However,
a quantitative theoretical analysis based on this picture should be required before reaching

a firm conclusion.

§4. Summary

Some preliminary data on the total yields of *Ca( y, 7z )*™Sc, ¥Cl1( 7, z*)¥S, YAl
Cr, #H)"Mg, "N(r, z7)"0, "B(y, #7)"Cand "Li(7, #~)"Be induced by brems-
strahlung of E,=40-1200 MeV were obtained, and compared with the available literature
data. It was found that the yields of (7, 7#7) and (7, 7 ") reactions are independent
of A, after increase of the yields with increase of A, up to 30-40 and the yield ratio of
(7, ™) to (7, n¥) reactions is about 6 over the studied A, range of 7-209 with the
special exceptions of the "N and “C (7, n7) yields, irrespective of E,. The PICA calcula-
tion was performed on the reaction yields of “Sc, *Cl, ¥Mg and *O and compared with

the present results. Some new implications on photopion reaction mechanism were extracted
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and discussed in some details, though further measurements are required and are under

way in order to confirm the suggested features of photopion reactions.
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Sixteen useful organic analytical reagents, e. g. 8 -hydroxyquinoline, Na-tetraphenyl-
borate and 1, 10-phenanthroline were irradiated with 30MeV bremsstrahlung. These
reagents were easily labelled with C-11 by the photonuclear reaction of carbon and purified
in high chemical yield by the simple and rapid chemical purification procedure, such as
solvent extraction or precipitation. It was found that 70% of C-11 was retained on the
carbon frame of organic reagents and their specific activities were the order of 100kBq,”

nM, which was enough activity for the tracer study.
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RIFAOBFIETH - 720 DG BAEBEERI0WFTEMBEF LA, Cl1~xvEhfcd Did15c~
35% EmD T LMot AFVERIFVEADCUDS NVEXYEVERAD T NIV
HRT#LWEWZ B, £z, HTFHO S OFEERREONE, ESEZEILPITIH0

LEbHbNS,
2% SmIEL U CikoBE L o3 & R T,

HE mH eREAAy =R () %ﬁ%ﬁ% (%) ﬁ‘%ﬁs (%)

BO EtOH Cu 79.8 7.7 -
80.1 76.3 15.8
BPA EtOH Cu 79.9 66.2 25.1
78.7 80.2 25.4
DDC Water Cu 48.4 38.0 60.4
56.1 40.6 57.4
DMGO EtOH Ni 86.7 16.3 80.5
88.6 34.0 65.2
CDO EtOH Ni 42.4 40.4 46.0
85.1 21.0 83.0
DBM EtOH Cu 56.5 84.4 9.1
57.2 69.0 10.6
TOx EtOH Cu 70.3 86.1 8.0
69.4 93.3 6.3
78.0 72.0 12.0
NN AcOH Co 60.5 52.3 48.6
67.0 56.4 42.8
TTA EtOH Fe 85.9 81.7 18.3

- 78.3 21.7
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35 AMEICKYSEELHE

5 3 RICKER AR Ulco Dz BRI TRIS0%6H3 7 4 )V 5 —ickk - 720 DDC [RIBREASE
BRI X 2EE, NMROEENELSNS,

DBM 1390%, NN (380%5EME I & ic, A oATcRAEORBRIE L LTk
R+53TdHb, NN, DBM & iz Ox &AM BET OB ZRETHTH 5,

Crown b80% WEMBIERENIY, 759 VORELHFEEL TV AL EL I RBETS
o NVEVEBEROVUNYY ISy vERHL, KEREENKTLIFETH S, £, &
RERRYI OB, FEDHOHEI o< 757 4 — Itk BNEHERABTETH 5,

B3k LB L LTS EE L 2RI & SR,

S o% W 74Ny & B A H M K GiE|
MERE (%) A4 v e (%) HREHHE (%)
Dz CCly 48.8 Zn 42.2 2.8(pH5) 1.7(Zn-ex.)
55.2 34.4 3.3(pH5) 6.2(pH 0 ) 1.3(Zn-ex.)
NN AcOH 0.7 Co 87.4(CHCly) 20.9(pH5)
0.5 78.0(CHCly) 20.3(pH5)
DBM  CHCl 1.9 Cu 92.7 7.3
0.9 93.3 6.4
Crown CHCl ~ 83.9 175
- 83.9 18.8

3.6 TTA OEHIt

TTA ZHXEBFHEHL LI5S, HFHOKET v B b2 T C-11, F-18HEKT 5,
ZIT, ThENOBBEORE 25 Z LT Ui,

TTA BNVE VER%, SYVERT 7 400 —CHER), 2[0FHET v T =7 LA THE L
1EED, CUEFI8DENEFNDT 57 ¥ a Y TOREEEERD BT it Lz, H4RIT
ENBER T v 7 TD C-11, F-18D511KeV {HBIKST#R O SR % B TR O © — 7 m&aH
(eps) & LTRUT,

HAEDPS, CLUOFREFERBIEEENTY 3, IBHICER S N SERE & Rk
F-18DBERED AV IV, E— A —EBYRKMERIE, F-18DHENF V. DT EDS
F-18I3Emkik 7 v A 4 v E LTKIBIEBEI LD, 75 ARMIMNELPT(B->TW05EE
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EDRM B, T, TTA TO C-11EHTIE F-18DOHERE/NE <, BEBETS 6K F - 18

BB, bEVREERE LBV EBSD -1,
H4E BE LKL TTA ORELERETO C-11, F-18i4TRES o

C-11 (cps) F-18 (cps) F-18,/C-11
74y~ 18.6 0.43 0.023
E—h — B 10.8 5.74 0.53
skt 1 [EH 15.3 6.89 0.45
7kt 2 [EH 14.6 9.75 0.67
ArE 206.3 3.81 0.018

37 FF5T7x=0T7 U (TPP) ¥

TPP A7KEEMEIC T B0, ANk VvE%E-DF TPPS &Y Y vE%ED 7z TMPyP DR
&7 - 70

TPPS (3/VE® 1 M NaOH I /AR, 5, conc. HCl TRMEE L, ~v € VliHZTY,
KBEREA & VA Uizo #BIZ 2N HCl TABE L7cs 7 4 Vo —iTid 4 %3
Lichs, v € VEPBRA A+ VB OBEMR OBETE R 1 XUITTHD, BEALDHH S
LITEHEND T EBS D - T,

TMPyP « b vz v Z bk VERETKICARH, | M NaClOs ZNA TA 4 VX #e T -
t2o TMPYP &4 4 v E LTEENT W b vz v 2k VEED 5 TE S C-LIDBERER 6 -
4EBEIEND, HBEEROBEHEEG 6 : 4 L1 5 E0TREINS, EBRICELHEE
DNUDERTH > 1co 124 YIHEE T TMPyP ICEEERRE P VT VR NK VEERE 245
FHELTWA I &R E LT,

§4. &8

1) BFI534F v 7 X 3HEHEEIE 1 MR /min SO TEROVESRE TS 51 hb
BF, ZEAEORETHRIEDTHTHD, Lk C1IO50%LLEATEOILEHI
AN TOWB T ENG Dot VAFNINAFVATIRY TV YV a YERBES SNV
shEwT &, DDC, V¥V v TEAEEEOSR, ESORREESRERES NI, NV
€V BOEE MESRREOIEEED 5 T L5 - 1.

2) HERRHHETEE R Na - TPB 0% IRIBS 04 T100kBg /nM O F — 5 —Th » foo ZHIE
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FITHER &N B HBERED L~ i3 IE B0, SO b v - —EBRICEHTE S
LANVTH - T BHE RS AMHRME TR TE 5 LMD SN,

3) &H He #7 2 2 3ARHCIR A1 7003 S IS 1Y, B ARLE LAY O S A RET
HHTEBEPD NI, L L, BRICL->TROBELLEE LR -TT=—1ENT
WA LI B0, V7Y yva VRRITFREIEICKS,

4) HIBHBEHRIBENC & 0 WM ERILEY O C BRSO Il IciTA 5 T L850 -
7o

I E T CUBRMLOM KA L AR LT, BRI TRREALTEN

TOWEW, £, BHMICRIBREORK 2 V¥ -tk - TLEYRIES W3 L EZ o0

51cth, WHSHROLEYZ D b DERE L TERMELT 2B RIBER TRV,

5k, —HOZBEHFEHRRIKFECHE UBREEZ R L&Y T D C-1UER L O RFEHIBIF

£ HPLCIZ & B RUBERI D58, DT EITS T &Itk »C, & 0 3H7S RUSHRE O3B S

B EMIFEND, $7, C- 1EHSAERRIOM M EEESETRATEL S,

AFEICHIZ0, T=F v bol) YOEBRIZTH VWAL E, BEHELT R4 X2 0T
Wi-BIIR SR, TPP OFEERIC VWA WiIETE] #ERMIcERH WA LEST, vV v
TNN—T DN L OFREDERBRBEITTE I EE I IIESHVILET,
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BTS2y 72T YA Rif
DR 7 D E &=

=35 ) 7hB, Rt
RHEAT « eILFIE
BRI - KM 8

Trace amount of carbon in tungsten-silicide has been determined by photon activation
analysis using the C( 7,n)"C reaction. After the sample was irradiated with 30 MeV
bremsstrahlung for 20 min., carbon was separated as CO; by fusion and combusion of the
irradiated sample in an oxygen stream. The CO, gas was then collected by passing through
double traps containing NaOH solution, and finally precipitated as BaCOj; by the addition
of BaCl; solution to measure the positron annihiration gamma-rays. Carbon was separated
from the matrix completely by this method and can be recovered 100%. As a results,

detemination limit of carbon was found to be 10ng/g.

§1.

YV TAFvEYY AVERER, PREEE LY Y IRTF V)AL FDRNy 5 ) VT
&=y MGEE IC OBFEARAME E LTRSS h, SBREESHESPERSA TV S,

SV TRF YY) A KD D BB ORISR SRR L EIC R &
BEHZ 5, ChoStBEMEOMBREOHECEEEEZHET 2 LB SMBIKRDO ST
EOBFESHED SN TE, L LEKS, —ROBEBMIEIC X BBREOERE IAR
Do DIEGDEERZ T 51, sub-ppm VRVOEHEREERBOD TRETH 5, £/, B
TEERFZOERIC LIE LRI SN S, 8 — FRARINE T AEER T OEEE O
B, AICERT 