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Systematics of optimum Q values in multinucleon transfer reactions induced by heavy ions
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The IQOst prObablC CffCCt1VC Q ValuCS, Qcff, fOr Inult1nuClCOQ transfer rCaCtlOQS A(a» 5)8 (Ml, g Me) haVC bCCQ

systcIQ8tlcally stud1ed on fp-shell nuclcI and Zr-Mo 1sotopcs Induced by N and C, 1Q thc cncrgy I'ange

between 60 and 100 McV- As I'egards thc qu8S1c18s t1c part of thc bufnp 1n thc energy spectrum, thc
dependence of Q,„on the incident and outgoing channel variables„ i.e., A, a, E,;, 8, and n, the number of
transferred nucleons, has been extensively investigated. The pxesent data, together with those obtained at
higher energies by the Dubna group, show systematic behaviors of Q,~: (i) for 8 given A(a, b)8 and F... Q,ff

changes little with 8„b, (ii) at 8 given F... Q,z of (a, b) is nearly the same for adjacent A and is not sensitive to
their individual nuclear structure, and (iii) the linear relation Q,z ——a,„n +p,& holds for n & 4 —5, ~hereas the
linearity breaks down for larger n. The relation a,ff ———0.1 (E; —V,') —0.9 McV holds for a wide range of
reactions. The ratio of the most probable CA'ective velocity to the incident velocity vf /v; at the transfer region
decreases from about unity to 0,4 —0,5 as n increases. The differences in reaction mechanisms for smaller n

and 181gc1 n have bccn dlscusscd.
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Inca, sured energy Spectra of x and optimum Q values.

In multinucleon transfer reactions A(a, b)B in-
duced by heRvy ions at energy much higher than
the Coulomb baxrier, the shape of the spectrum
of the reRctlon px'oducts 1$ mainly characterized
by a continuous bell-shaped form (bump). The
systeIQatics of the most pxobable or optimum Q
values, Q, of the x'eactions, and their depen-
dence on the incident and exit channel variables
have been one of the main subjects in the investi-
gation of multinucleon txansfer reactions mith

heRvy lons fx'OIQ R IQRcroscop1c point of vlem.
Fox sub-Coulomb reactions, the behavior of

Q has been explained by models assuming Ruther-
ford trajectories for the scattering particles.
Somemhat different assumptions lead to different

optlIQuIQ Q VRlues.
Fox' reRctlons 1D RQ energy x'eglon mell Rbove

the Coulomb bax'rier, sevex'al different models
have been proposed' ' to reproduce the experi-
mental Q values, mhich are as yet limited to
reactions at fairly high bombarding energies and/
or to very heavy target nuclei. ' The models pro-
posed in Refs. 7-9 have been able to fit the avail-
able data, but the implications of these models
are somemhat contradictory. Wilczynski, ' fox in-
stance, claims that Q is determined mainly by
the mass bRlRQce of the Duclel involved ln the
reaction; Siemens ef 0$.' point out the essential

I'ole of x'ecoll effects Rnd a stx'ong dependence on
reaction kinematics, mhile Brink' suggests that
the key factor determining Q or the most prob-
able "effective" Q values, Q".)f (see Sec. III), is
the velocity of the scattering particles.

In an earlier survey of the systematics of Q
using "N and "C beams of 60-90 MeV and targets
of fp-shell nuclei (""Cr, "Ti, and "Fe) and of
heavy nuclei ("'Pb and ~'Bi),' the present authors
observed that Q does not reflect sharply the
structure of individual target nuclei and that, for
R given lncideQt beRIQ Rnd tRx'get, Q is propox'-
tional to the number of transferred nucleons, n,
for n ~ 4-5.

It is important to identify not only the atomic
numbers of the emitted particles, g, but also of
their mass numbers. Very little data has been
reported on the systematics of the Q values of
individual outgoing nuclides, except for the results
of Dubna group for the reactions "'Th+ "N [Ref
l(a)] and "'Th+ "Ne [Ref. 1(b)J at fixed energies
Rnd at fixed angles and the results previously re-
ported by the present authors. s In other studies,
including those of "~Th+ ~OAr, ' the Q values of
the products either were classified only according
to atomic number or mere not as extensive.

The present mork R1IQS Rt R IQole systeIQRtlc
study of the most probable Q values for a mide
range of incident and outgoing variables, i.e. ,
incident beam ("N and "C), energy (64-97 MeV),
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target mass (""Cr, "Zr, and all the stable iso-
topes of molybdenum) and the mass, charge,
energy, and angle of emission of emitted particles.
The energy and mass region of this study covers
the gap of previous data between the sub-Coulomb
and high-energy regions. The present authors
thus attempt a unified view of the global behavior
of multinucleon transfer reactions and the system-
atics of the most probable Q values.

Data and detailed discussions on reaction cross
sections and angular distributions of reaction
products are given in separate papers. ' ""

II. EXPERIMENTAI. PROCEDURE

The present work was performed with "N4+

beams from the IPCR cyclotron. The experiment-
al facilities and details are described else-
where. ""

The experimental conditions and measuxed
particles are tabulated im Table I, together with
those of previous data. ' Table I shows the incident
channel&+ a of reactions(a, b)B, the incident

laboratory and c.m. energies, E~,b and E, , the
Coulomb barrier of the incident channel, p~, and
the products g measured at the laboratory angle
g„,(b). We chose the radius parameterr. , tobe 1.4 fm.

All targets used in the present work were self-
supporting foils, 0.45 to l mg jcm' thick, of iso-
topes enriched to more than 90%.

The beam was focused onto the target to a size
of 1 x 6 mm' and an intensity of 50 to 200 nA.

The reaction products b wex'e detected with two
sets of silicon detector telescopes. The gF.
detectors were 30 p, m thick and the E detectors
were 200 to 2000 p. m thick. All the data were
stored on a magnetic tape with the aid of a DDP
124 computer used as in the on-line mode and
were later analyzed. The enexgy spectra of in-
dividual g and P were obtained using the program
"MTSORT." Thus, using the incident beam of
"N, isotopes of 0, N, C, 8, Be, Li, and He were
identified by their mass spectra, with a resolu-
tion of 3-6%. The overall energy resolution was
between 500 and 800 keV.

TABLE I. Multinucleon transfer reactions A(a, b)B investigated. Ej is the incident laboratory energy, E; the inci-
dent c.m. energy, V& the Coulomb barrier in the incident channel arith the radius parameter r0 fixed at 1.4 fm, and 8~(b)
the laboratory emission angle of b.

A+a

"Cr+ "N

50Ti+ 14N

54Fe+ "N
52Cr + 12C

50Ti + 12C

54F + 1!C
"'pb+ "N

209Bi + 14N

208Pb + 12C

209Bi P 12C

"Mo+'4N

90Zr + 14'
92Mo + 12C

E„(MeV) E; (MeV)
E~~c Et-Vc

(~0=1.4 fm) {r0=1.4 fm)

2.7

80 63.0 34.8

70 55.2 2.0 27.0

1.8

90 71.2

70
70
90
70
60

54.7
55.6
73.1
56.9
48.8

2.1
1.8
3.0
2.3
2.0

28.7
25.3
48.5
32.3
24.2

60
60
90

48.4
49.1
84.3

2.1
1.9
1.2

25,7
22.7
13.4

13.6
12.2
11.5
41.4

64.9
79.6

1.6
2.1

23.0
41.5

91 85.3 1.2
78 73.8 1.2
78 73.8 1.2
97 84.7 2.0

(A = 92, 94, 95, 96, 97, 98, 100)

b measured

12B iiB 10B 10B
BBe, 'Be, 'Li, 6Li, 4He
13( 12C 12B iiB 10B 10B

Be, Be, ~Li, 6Li, 4He
13C 12C 12B iiB 10B 10Bej j j
Be, Be, Li, Li, He

13C 12C 12B iiB 10B 10B
BBe, 7 Be, 7 Li, 6Li, 4He
13( 12C 12B 11B

' 10B 10Be

Be, Be, YLi, 6Li, 4He
16O 15O 15N 13C 12C

11B 10B 10Be 9B

Be, ~Li, 6Li, 4He

C, 2C, B, B
13( 12C iiB 10B

"B,10Be, 'Be, 'Be
"B,"Be, 'Be
"B "Be 'B

10B 10B BB
10B 10Be 'Be
13( 12C

13C 12C

11B 10Be BB
"B "Be 'Be
16@ 150 15N 13C 12C 12B
11B 10B 10B BB VBe

Li, 6Li, 4He
13C 12C 11B
10B, "Be, 'Be, 'Be, 'Li, 6Li

(deg)

16, 20, 25

16, 25
18, 22, 26
18, 22, 27

22 27

20, 27

25
26
18
18, 22
17, 19, 22
25, 27
25
25
60, 65, 70, 75
80, 85
60
75
70
25, 30



1460 T. M IKUM0 e t al. 14

III. RESULTS AND DISCUSSION

A. Experimental results

In Fig. 1, the energy spectra of emitted parti-
cles 5 from the reaction "Mo+ "N at E& b

= 97 MeV
and e»= 25' are shown. They are dominated by
a continuous bump except for the spectrum of "0.
The arrows with notations g.s. and V~ indicate the
positions of the ground state and the Coulomb
barrier in the final channel, respectively. The
spectra of the Be and Li isotopes are of a sym-
metric form, whereas those of the heavier parti-
cles are asymmetric and have a tail on the low-
energy side. The spectrum of 4He is asymmetric
but has a tail on the high-energy side.

In order to obtain the angular dependence of Q,
the energy spectra of the various emitted particles
were measured at the angles listed in Table I.

Figure 2 shows the energy spectra of "C from
the reaction "Cr+ "N at E„b=90 MeV and Q'] b=15,
24, and 27'. We see that the bump of the energy
spectrum consists of two parts with respect to the
energy of emitted particles for n ~ 4. The higher-
energy part has larger cross sections at small
angles, while the yield of the lower-energy part
is relatively larger at large angles. The following
discussion of Q concerns the higher-energy part

30 10S,

1p, ~ gS
c I.

16p 9.L
40 ~ ~ ~ Vq

30

10. 9.S.0-. . . , . -. M. 15
10 Y,~, '8 9.S.

--WMsa ~. . ' V~~

40 50 60 &0 80 0
V~ 60 &0 80 90 100

~s g.S.

s) 'u %PQ~
20 30 40 50 60

"~ jf',

C

92MO+'4g f I~b-SHIV 60
elab + 40. Vc J

20 ~ 4 g&

30 40 50 60 70 80 90
EHERGY OF THE EMITTED PARTICLE (MeV)

X
X

Z
O
cJ

0 10 20 30 40 50

FIG. 1. Energy spectra of emitted particles ' ' 50,
' 2C, '~' ' B 0'9' Be, ""6Li, and He from the reac-

tions Mo+ N at E&,b =97 MeV, ~ 1&b=25'. The notations
g.s. and V& denote the position of the ground state and
the Coulomb barrier in the final channel.

10001-
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FIG. 2. Energy spectra of C from the reaction ~3Cr

+ Nat EIab 90 MeV, ~Iab =15', 24', and 27'.

of reactions with M, &M„when two peaks are
present.

Figure 1 also shows that the full width at half
maximum (FWHM) of the bump, I', for a given set
of incident variables increases with n up to - 4
and then decreases for larger n (see Sec. III B and
Tables II and III). This general trend in the spec-
trum shape and width are partly due to the exis-
tence of two components in the energy spectra for
n ~ 4. For a given reaction, A(a, b), I increases
as the increase of E, (see Fig. 3).

The shape of the energy spectrum depends also
on the bombarding energy. The variation of the
energy spectrum of 'Be from the reaction "Cr
+ "C at E„„=60, 70, and 90 MeV is shown in Fig.
3. It is clearly seen that for an increase in E„,,
(i) the selective peaks disappear, (ii) the bump
shifts toward higher excitation energies, and
(iii) the bump broadens.

In order to determine the dependence of the
spectrum shape on the target mass, the "N-in-
duced reactions were studied for all stable iso-
topes of molybdenum "Mo (A = 92, 94, 95, 96, 97,
98, and 100) at E„,= 97 MeV and 6„,= 25'. The
spectra of the emitted "C are shown in Fig. 4. It
is seen that gross features of the spectra are
very similar.

B. Systematics of the most probable Q values Q~

Let us first define some useful Q values. Q is
the Q value corresponding to the peak position of
the bump of the spectrum. The values Q, and Q,
denote the Q values for which the yields are one-
half of the value at Q, corresponding, respec-
tively, to the higher and lower energies of the
outgoing particles. Thus, l- = Q, —Q, gives the
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FIG. 3. Energy spectra of Be from Cr + C at E tab

=60, 70, and 90 MeV.

FWHM of the bump. The Q is the ground state
Q value.

It is often ax'gued" that in the "stripping-type"
transfer xeaetion, i.e. , M~&M, , the weakly bound
lighter px'oduct nucleus Q ls not excited, so that the
high excltRtlon energy E~ ls concentx'Rted ln the
primary heavy product J3. In such a situation, the
x'elRtlon

800.

&Oo-

0

800-

2.'$00.

is obtained, where E„corresponds to the most
pxobable excitation energy of the heavier product
B. Therefoxe, the most probable Q value Q

'

the ambiguity of which is estimated to within +2
MeV in most eases, ean be obtained.

Table II indicates the Q values of the reactions""Cx'+ "N, It shows the E„„identified particle
5, and laboratox'y angle of emission g„b. The
values of Q, Q, Q„Q„and E„ for each reac-
tion are arx'anged according to the order of the
values of g„b. %hen two components in the bump
are present, Q (1) and Q (2) denote the Q values
corresponding to the higher- and the lower-energy
parts, respectively. The Q,«are the "effective"
Q" values {see See. III C) of the higher-energy
part averaged over the observed angles. At 90
MeV, the Q,«are avex"aged over the "Cr+ '4N

and "Cr+ ' N reactions. The table shows that E„
increases with an increase in n, the number of
transferred particles; it is about 10 MeV for n = j.
and about 70 MeV for g = 10.

Table III compiles the Q values for the reactions
"Mo+' N (A=92, 94, 95, 96, 97, 98, and 100), "Mo

0

»Mo

50 60 70 80 90 'l00

E( C) (MeV)

FIG. 4. Energy spectra of '3C from the reactions 4Mo

+"N(A. =92, 94, 95, 96, 97, 9S, and 10O) atE„b=97
MeV, 8)~b = 25 '.

+ "C and "Zr+*'N atZ„, =97, 90, R d 90Mev,
x'espectlvely.

As is sholem in Tables II Rnd III, the Q for
specific reactions do not depend sensitively on
the emission angles e&,b of the products. In Fig. 5,
the Q of several products in the reaction '3Cr
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TABLE II. Q values of the reactions '53Cr+ N. Q, Qf, Q2, and E„are arranged according to the order of the 8~.
Q,&&

is the value averaged over data for different ~gb. The Q,&&
preceded by an asterisk and listed as Cr+' N denote

those values averaged over reactions 5 Cr+ N and Cr+ N. For the Cr+ N reactions, Q (1) and Q,qq(1) correspond
to the higher-energy parts, while Q (2) and Q,&&(2) correspond to the lower-energy parts of the continuous spectra.

(deg) (Mev)
Qf

(Me V)
Q2

(MeV}
jeff

(Me V}

52Cr + 14N

"Cr+ "N

90

80

70

13C
12C
ii B
10B
fOB

'Be
7Be
~Li
'Li
4He
fsC
12C

12B
ii B
10B
10Be
'Be
Be

VLi

'Li
'He
13(
12C

12B
ii B
i0B
10B
9B
'Be
VLi

'Li
4He
13(
12C

12B
ii B
10B
10B

'Be
78e
~Li

4He
13C

12(
12B
11B
10B
'Be
Be

YLi

4He

16, 20, 25 —1.0
+ 3.0
—37
—4.0

S.1
—43

6.1
—6.3

2I2
+ 7.8
—1.0
+ 3.0
—9.7

307
—4.0
—9.1
—4.3
—6.1

6.3
—2.2
+ 7.8
+ 0.0
+

0.5
—4.3

57
3.9
6.5

—2.9
2 ~ 3

+ 10.7
—1.0
+ 3.0

9.7
3+7

—40
9.1

6.1
—6.3
—2.2
+ 7.8
—1.0
+ 3.0

9.7
3 ~ 7

—4.0
—4.3
—6.1
—6.3

2r2
+ 7.8

-10.5, -11,-12
-18,-18.5, -18.5
-28, -30, -32
-36, -36.5, -40
——-39
-42, -44, -43
—47, —49, —51
-48, -48, -48
-52, —54, —55
—-64 -66
-10.5, -10.5
-17, -17
—20, -1S
—27, -30
-32, -29
—33.5, —

37
-43.5, —
—44
-50, -47
—58, —57
—9
—16.5
—19
-26
-28
—32
-37
-44

45
—59
-10, -11.5, -10.5
-17, -18, -22
—19, -20, -23
—26, —25, -28
—31, —31, -32.5
—-30—t t

-32, -34, -32.5
-38, -36, -39
-38.5, -39, -39
-43, -43.5, -45
-52, —51, -53
—10, —8.5
-14, —13
-16, —
-19,-19
—27, -28.5
—28, -28

32t 33
—32, —34
-36, -35
-44 -44

-5 -5 -5
-9.5, -10, -10
-16, -16,-18.5
-20, -24, -27
——-29
-28, -33,—29
-36, -38, -40
-37, -38, -39
—43, -46, -44
——61—
—4, —3
-9, —7

12t
-15, -24
-20, -21
-23—
-27—

27t
-34, -35
-40, —39
-52, -52
—4.5

-12
-20
-26

-35
-40
-40
-5 -6 -45
-7, -7.5, —8
—13, —13, —
-15, -17,-15
-18, -19,-21

23l t 27
-31 ——
-30, -32, -31
—33, —34, -36
—49, -48, -47
—4.5 —4
—6, -5
-11,—
-12,-ll
-17,-18
-21, -22
-21—
—24—
—29, -28
-41, —38

-25, -31,-33
-30, -31, -50
-43, -41, -46
-49, -59, -56
——-49
-54, -47, -57
-56, —59, -61
—60, —60, -59
-63, -65, -68
—-69—
-18,-18.5
-35, -32

33
-40, -47
—48, -47
—48—
-49, —
—49—
—59, -56
—60, -61
—65, -62
-16
—27
-31
-39
-41
-49
-49

-55
-48
-65
-18, -20, -20
-30, -29.5, —44
-25, -27, —
—34, -34, -34
-41 -41 -45

-42, —,-42
—46 ——
-48, -51,-48
—51, —53„-54
—57, -56, -5S
-14.5, -15
-25, -26
-21
-25.5, -26
-34, 37
-36, -33
-36—
—41—
—45 -45
—48, -48

—8.3
-15.4
—23.8
-29.3
-29.2
-33.4
—39.2
—34.3
—39.6
—46.0

~- 7.1
—13.9
-13.1
—21.8
-23.5
-23.6
—27.2
-34.0
-31.3
-33.6
-40.1

7.8
-16.1
—13.3
—18.5
—23.8
—20.2
-23.0
—28.0
-25.1
—30.3
—34.3
—6.4
—10.6

9.8
—12.8
—21.6
-18.2

22 ~ 7
—19.3
-21.8
—26.1

9.5, 10, 11
21, 21, 21.5
24, 26, 28
32, 32.5, 36
——-30
38, 40, 39
41, 43, 45
42, 42, 42
50, 52, 53
—,72, 74
9.5, 10.5
20, 22
10,11
23. 27
28, 24
23.5, —
33t

37.5, —
38, 43
48, 45
66, 68
9
22
9
25
24
26
33
37.5
42
43
70
9, 10.5, 9.5
20, 21, 25
9, 10, 19.5
22, 21.5, 24
27, 27, 28.5
—,21, —
28, 30, 28.5
32, 30, 33
32 33 33
41, 41.5, 43
60, 59, 60 ~ 5
9, 7.5
17, 16
6.5, —
15, 15 ~ 5
23, 24.5
24, 24
25, 27
26, 28
34, 33
51 ~ 5, 51.5
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TABLE G. (Continued)

A+a
E

(Me V) b

8~
(deg)

@e~
(Me V)

qm

(MeV)
Qi

(MeV)
Q2

(MeV)
jeff

(MeV)

E75

(MeV)

~ Cr+ N 64 13C 20, 27
12'
12B
ii B
10B
'Be
Be
Li

6Li
4He

—1.0
+ 3.Q
—9.7

307

—4.0
4 3

—6.1
—6.3

2 y2

+ 7.8

-8, -7
-12.5, -14
-14, —
-16, -17

22$ 23
-24, -25
-27, -29
-30, -31
-32, -33.5
-38, -39

2 $ 2
-4 -4

-9 -9
-15, -14
-18,—

-24, -25
23$ 23

-35, -33

-13, -12
-20.5, -21

-23, -23.5
-29, 5, -30
—30, —

—35, -36
-41, -41
-43, -44

—4.6
-10.4

7.6
-10.3
-16.3
-14.5
-18.0
-16.8
-19.1
-20.6

7, 6
15.5, 17
4
12, 13
18, 19
20, 21
21, 23
24, 25
30, 31.5
46, 46.5

A+a
E&b

(MeV)

90 13'

12(

ii B

10B

'Be

81

(deg)

15
18
21
24
27
30
10
12
15
18
21
24
27
30
33
1Q

12
15
18
21
24
27
30
33
10
12
15
18
21
24
27
30
33
12
15
18
21
24
27
30
33

@e~
(Me V)

+ 0.0

+ 5.3

-0.5

-4.3

-3.9

@ (1)
(Me V)

—8.5
-10
-11
—11.5
-12
—14
-16.5
-16
-17
-17
-18
-18
-18
-19
-18.5
-26
—25
-26.5
-26.5
-28 ~ 5
-30
-30.5
-32.5
-33.5
-29
-29
-29
-30
-32
-33
-33
-34
-36
-37.5
-38
-38
-39
-38.5
-39
-39.5
-40

jeff (1)
(Me V)

—5.5
7
8
8.5
9

-11
-13.5
-13
-14
-14
-15
-15
-15
-16
-15.5
-20
-19
-20
-20
-22
—24
—24
-26
-27
-23
-23
-23
-24
-26
-27
-27
-28
-30
-28
-28
-28
-28
-29
—29
-30
-30

(MeV)

-23
-24
-26
-26.5
-28
-30.5

-33
-34
-36
-35
-35
-34
-34
-34
-38.5
-37

-40
-40
-42

—42
-40
-41

-41.5

Q,ff (2)
(MeV)

-20
-21
-23
-23.5
-25
-27.5

-30
-31
-33
-32
-32
-31
-31
-31
-32
-31

—34
—34
-36

-36
-34
-35

-35
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TABLE III. Q values of the reactions Mo+ ~N,

are arranged aeeording to the order of the 8~.
82Mo g12C 90Zr y j.4N qm q q ~ qtn

M+ N& =97MeV ~ =25 30.

(MeV) (MeV) (MeV)
@eff

(MeV)

3$5
—2.7

2 %1
—1.9
—1.3
—1.0
—0.1

7.5, —9.7
6.5, —8.4
6.6, —8.5
6.3, —8.0
6.1,—8.4
5.5, —8.4
6.3, —8.9
7.5

7 f 7
6, —6
5, —6
4, —4

3$ 3
1,—3

-14, -16
-15,-18
-16,-18
-16,-18
-14, -19
-16,-20
-18, -19
-17

2.4, —4.6
1.4, —3.3
1.5, —3.4
1.2, —2.g
1.0, —3.3
0.4, —3.3
1.2, —3.7
2.5

92
94
95
96
97
98

100
Mean

+ 0.2
+ 0.3
+ 2.4
+ 0.6
+
+ 0.6
+ 1,3

-18.4, -18.1
-18.4, -17.8
-18.3, —18.1
-18.2, -17.6
-18.3, —18.1
-18.1,-17.5
-18.1,-17.5
-18,1

-10,-10
-10,-10
-10,-10
-10 —9
-10,-10
-10,—9
—9, —9
-9 5

-26, -27
-28, -27
-27, -28

27 $ 27
-27, -28

27 $ 27
27 $ 27

-27

-13.3, —13.0
-13.3, -12.7
-13.2, -13.0
-13.1,-12.5
—13.2, -13.0
—13.0, -12.4
-13.0, -12.4
—13.0

12B -14.8
—12.8
-12.2
-11.1
-10.4
—9.4
—7.6

-22.2, -24.1
-23.0, -24.3
-21.6, -23.2
-21.4, -23.5
-21.2, -22.9
-20.6, -23.0
—20.4, -23.1

22 +7

-18,-19
-16,-17
-16, -18
-16,—17
-15,-17
-14, -15
-13,-15
-16

-34, -35
-35, -34
-35, -32
-35, -35
-36, -36

37 f 35
-38, -37
-35

-13.5, -11.6
-13.7, -12.4
-12.6, -11.0
-12.9, -10.8
—12.3, —10.6
-12.4, -10.0
—12.5, —9.8
-12.1

—9.2
—8.2
—5.3
—7.0
—4.1
—6.0
—4.7

-28.4, -29.6
-29.2, -28.5
-29.3, -28.9
-29.4, -28.8
-28.6, -28.9
-29.1, -28.0
-27.8, -27.9
-28.8

-18,-20
-19,-21
-19,-20
-19,-20
-19,-20
-18,-19
-18,-19
—19

-42, -42
-43, -41
-43, -43
—43, -43
-43 -44
-45 -45
-45, -44
-43

-17.8, -19.0
-18.6, -17.9
-18.7, -18.3
-18.8, -18.2
-18.2, -18.3
—18.5, —17.2
-17.2, -17.3
—18.2

92
94
95
96
97
98

100
Mean

—9.4
—9.3
—8.8
—8.8
—8.2

-31.6, -31.8
-31.7, -32.5
-31.3, -30.8
-31.8, -31,0
-31.1,-31.6
-32.0, -32.0
-32.0, -31.8
—31.6

22 $22
-22, -25

22 j 22
22/22
22 $ 23
22

Q
23

-21,-22
-22

-44, -46
-48 -42
-45 -47
-45 -45
-45, -46
-49, -50
-48 -47
-46

-21.0, -21.2
—21.1,-21.9
—20.7, —20.2
-21.2, -20.4
-20.5, -21.0
-21.4, -21.4
—21.4, —21.2
-21.0

92
94
95
96
97
98

100
Mean

ioBe -16.9
-15.0
-11.9
—8.8
—8.8
-11.1

-38.8, -42.6
-41.7, -42.2
-41.2, -42.0
-41.3, -42.2
—41.8, -43.7
-41.9, -43.3
-41.5, -42.8
-42.0

-33,-34
32~ 32
31' 33
32s

-30, -33
-30, -32
-30, -32
—32

-48, -51
-53, -52
-52, -53
-53, -53
-55, —54
-53, -54
-54, -55
-53

-22.5, -26.3
-25.4, —25.9
-24.9, -25.7
—25.0, —25.9
—25.5, —27.4
—25.6, —27.0
—25.2, -26.5
—25.6
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TABLE III, (Continmed)

(MeV)

'Be

7Be

12+7

-11.3
-10.6
—9.9
—9.3
—8.6
—6.8

-14.2
—13.9
-13.8

1307
-13.5

13y2
-12.2

-16.7
-].5.0
-11.8
—13.4
—10.2
-11.7
—9.9

-43.2, -44.6
-43.9, -45.1
-43.6, -44.8
-43.7, -44.1
-44.8, -45.1
-44.6 -45.5
-45.2 -45.5
~4 5

-50.0, -50.7
-50.1,-51.0
-49.0, -51.0
-48.0, -50.9
-51.2, -51.1
-52.3, -52.5
-51.6, —50.4
-50.7
-53.5, -55.6
-53.9, -55.7
-54.0 -55.0
-54.0 -55.6
-54.1,-55,7
-54.5, -55.3
-54.6, -55.7
-54.8

-32, -35
-32, -34
-33, -34
-33,-34

33 $ 34
-34, -35
-34, -34
-33
-42, -42
-43, -43
-40, -42
-41, -41
—42, -43
-45 —42
-43, -42
-42

-44 -45
-45, -45
M4, -45
-44, —45
-44, -46
-44, -45
-45, —45
-45

-54, -56
-55, -56
-55, -57
-56 -56
-56, -56
-56, -57
-56, -57
~56

-59, -60
-59, -61
-60, -61
-59, -61
-59, -62
-64,
—63
-61

-26.9, -28.3
-27.6, -28.8
-27.3, -28.5
-27.4 -27 8
-28.5, -28.8
-28.3, —29.2
-28.9, --29.2
-28.3
-33.7, -34.4
-33.8, -34.7
-32.7, -34.7
-31.7, -33.8
-34.9, -34.8
-36.0, -36.2
-35.3, -34.1

-30.1,-33.2
-31.5, -33.3
-31.6, -33.1
-31.6, -33.2
-31.3, -33.3
-32.1,-32.9

32e2$ 33%3
~32s3

8LI —12.8
11%7

-11,5
1344

-10.4
—9.4
—7.9

-57.0, -57.8
-58.3, -58.3
-56.7, -57.6
-56.1,-56.6
-56.5, -58.1
-57.5, —59.3
-57.7, -59.5
-57.6

—48, -48
-48, -48
-47, -48
-47, —47
-48, -49
-48, -49
-48, —49
-48

-67, -68
-68, -70
-67, -67
-66, -66
-67, -68
-69, -72
-69, -71
-68

3407 f

-36.0,
-34.4,
-33.8,

34%1
-35.2,
-35.4,
-35.3

-35.5
-36.0
-35.3
-34.3
—35.8
-37.0

37 %2

92
94
95
96
97
98

100
Mean

'He 40
2y7

—0.2

+ 1.3
—0.1
+ 1.7

-68.2, -69.1
-68.6, -69.3
-68.4, -69.0
-68.4, -68.9
-68.3, -69.0
-68.6, -69.1
-68.4, -68.2
-68.7

-60, -62
-59,—62
-60, -62
-60, -62
-60, —61
-60, -62
—59, —60
-60.5

-39.5, -40.4
-39.9, -40.6
-39.7, -40.3
-39.7, -40.2
-39.6, -40.3
-39.9, -40.4
-39.7, -40.1
-46.0

fop
10ge
'ae
YBe
7

'Li

-14.7
-16.9
—14.7
—16.5
-19.2

1707

—2.4
+ 0.6

7,8

—8.0
-12.4
-20.5

—5.5
7 &2

-13.8

-12.8
-20.4
-28.4

353

7 %3

-10.3
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FIG. 5. The most probable Q values Q~ of the reactions
~~Cr+ ~4N at E &,b=-90 MeV as function of the angle of emis-
sion 0 ~,g . For ~~C and ~2C, the Q values of higher- and
lovrer-energy components are shown.

+ "N at 90 MeV are plotted against g„b. This
shows more clearly the weak dependence of Q
on 6)qb ovex' R wide range of 0hb ~

For "Mo+ '~N reactions, the largest differences
in the Q at 25' and 30"" are for "C and "Band
about 2 Me+ wh1cll 1s still small coInpRred %'ith

the width, I", of the bump. For other Q, the Q
are almost the same at the two angles. This can
be clearly seen i.n Fig. 6 in which the four Q
values Q, Q„Q„and Q of the reactions "Mo
+'4N at 6I~,b=25 and 30 are shown. This situation
is in contx'ast with the case for sub-Coulomb ox'

near-Coulomb reactions, where the "optimum"

Q values ax'e strongly dependent on the emission
angles. ' The Q values of the present study coin-
cide with none of tIle optimum Q vRh1es cited
above"' (see Ref. 12). In the study of the reac-
tions Ag+ "N at E„„=100,j.60, and 250 MeV,
Moretto gf gi. , found Q to be independent of
g„~. In research on the "Ni("0, "C) reaction
above the Coulomb barrier (E„b= 60, 72, and 81
MeV'), Wilczynski et al."found that Q changes
with angle 9, when g, is larger than g„„
grazing angle, while Q remains unchanged at
smaller angles, which is consistent with the re-
sults of the px'esent study.

Mo('4N, 'C)

CG 9897969594 92
t I t 1

( 14' IPEI
3

—10-

lO~e~~e~o, Q
—20-

25'

Q—a
Q 30'

Mo("N, 'C~

IGG 9897969594 92
~ ~ I ~

2. Dependence of Q~ on adjacent A

Another aim of this study is to determine the
dependence of Q on A. . It was confirmed that the
difference of the Q for specific reactions (a, b)
at the same E,. is very small compared with that
of the Q„ for A ="Cr, "Cr, "Ti, and "Fe (Ref.
3(a) and~Table II). For all the stable isotopes of
molybdenum, the Q are almost constant for all
individuals(a, h), as is shown in Fig. 6 and Table

FIG. 6. The most probable and half-maximum Q values
, Q, and Q in the reaction (a) ( 4N, ~~C), ( 4N, «2C);

(b) ( 4N, ~ B), ( 4N„~~B), and ( N, ~ B) on Mo isotopes vs
mass number of target. The ground state Q values Q«
are also shown.
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111, despite the large differences in Q, . That Q~

ls independent of adjacent p has been reported for
the reactions "Ni("0, "0) (A=58, 60, 62, and 64)
at E„b=63 MeV and g»=30'."

3. Dependence of Q on E; und n

Figure 7 shows the variation of Q in the reac-
tion "Cr+ "N with incident laboratory energy E„„.
For small n, Q is almost constant throughout the
entire energy range, while with an increase in z,
the absolute value Q and the gradient of ~Q") vs
E) b increase.

Figure 8 is a plot of Q vs n for the reactions""Cr+ "N. A linear relation,

is obtained uy to a given number of transferred
nucleons: n ~ 4-5. The values of a and P are
given in the inset in the upper-right-hand corner
of Fig. 8. For the reactions studied here a is
linear in the incident energy E,. and lies between
-5 and -8 MeV/nucleon, whereas P is independent
of E, and has a value of about -3 MeV. Note that
these relations hold irrespective of proton or
neutron transfer, although the Q are quite dif-
ferent for isobaric product pairs, such as "C and

B OB and ~OBe

This variation of Q with E& is not compatible
with the yrediction of Nilczynski' based on the
determination of Q from known quantities, i.e.,
the separation energies of the transferred nucleons
from the projectile in "stripping-type" reactions.

A plot similar to that in Fig. 8 for the reactions"'"Mo+ "N at E„,= 97 MeV [see, e.g. , Fig. 2 of
Ref. 8(c)] shows a splitting for isobars and a
grouping according to the atomic number of II).

This suggests the increasing importance of Cou-

022
~27

020
027

0
0 1 2 3 4 5 6 7 8 9 10

P ( number ot transferred nucleons)

FIG. 8. The most probable Q values Q of the re-
actions 52'NCr+~4N as function of the number of trans-
ferred nucleons n. In the upper right part the values of
& of Eq. (2} are plotted vs incident c.m. energy E;.

lomb effects which leads us to the following dis-
cussion of the effective Q values.

C. Systematics of most probable effective Q values Qg&

In heavy-ion reactions, because of large differ-
ence between the Coulomb barriers of the incident
and exit channels, Buttle and GoMfarb' and Brink'
have introduced the concept of "effective Q values"
'Q ff It is defined as the Q value corrected for the
difference ~V= p~ —V~~ in the Coulomb barriers
between incident and outgoing channels.

e)oh= 20
Q 22

10- -0

—20-

—30-

O

YoO
«+

~o ).i

O 'He"(, + t4&

25

V
~Q ~

tlirt

%1

1. Dependence of Qg«on n and E;

Figure 9 is a plot of the most probable effective
Q values, Q,«vs n for the reactions "Cr+ "N
and "Mo+ "N, g =92-100. The Q,ff are averaged
over the angles 8.b and the target isotopes and
are compiled in Tables II and III. Figure 9 also
shows similar plots for the data of the Dubana
group" for the reactions "'Th+ "N at E&,b= 145
MeV and "'Th+ "Ne at E„,=174 MeV. The data
for "'Th("N, "N) at E„b=98.5 MeV" is also shown
for reference. Except for some discrepancies
between "C and "Be, and "8 and "I.i in the reac-
tion ~'Th+ "N, all the data follow the linear rela-
tion

70 80

Elob( MeV)
Qeff &eff ++ I eff

FIG. 7. The most probable Q values Q of the reactions
Cr+ ' N as a function of the bombarding energy E&,b .

for n ~ 4-5. The radius parameter r, was chosen
to be 1.4 fm. (For reactions with lower Vc' and
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E„„l.e., »Cr+'4N at g»-64 and 70 MeV, the
linear relation (2) holds rather better than that of
relation (3). In these cases, r, should be large,
e.g. , y, =2 fm. On the other hand, for reactions
with high P~, i.e., ~'Th+ "Ne, y, should be 8m',
e.g. , @0=1.2 fm. As a compromise, go=1.4 fm
was eInployed throughout )The gr. adient of linear
relation (3), a«, , is plotted against E, —pc in

Fig. 10. This figure also includes the data for
"Zr+ ' N at E»b = 75 MeV. This plot gives a linear
relation

o,«= -0.1(Z, —y,') -0.9(MeV). (4

The data for the segment P,«of the linear rela-
tions (3) are scattered between 0 and -5 MeV but
are a,round -3 MeV for ""Cr+ "N xeaetions.

It ls possible to rewx'lte Q,«as

ques (gm y f) (g yi )

= Q"+ hV~ = Q ~
-E„+hV~ = Ez -E, + 2 V~

~51+ ~P (5)

where E& and ~"are the most probable kinetic
energies in the exit channel and the most probable

FIG. 9. The most probable effective Q values Q,ff of
the reactions Cr+ N and ' Mo+ N as function of
transferred nucleons n . The data are averaged over
angles and target isotopes. The Q,& values of the reac-
tions Th+ N and Th+ Ne of Dubna data are also
plotted vs &.

N

Ne
et al. )

5N
et a|.)

0 't0 20 30 40 50 60 Ei- Vc~ {MeV)

e + eff values of Ecl (2) plotted vs effective
incident energy E~ -V&.

energy loss of the scattering particle, respec-
tively. Relation (3) reflects the fact that, as long
as g ls not too lax'ge, 1.6. ) FE «~ 4-5, a constant,
a,mount of kinetic energy per nucleon is trans-
ferred during the "stripping'* and this constant
x'ate, a,«, is proportional to the energy available
at the ba,l x'lex', E& —p&. This 8ltuatlon holds
throughout R wide 1'Rllge of illcidellt variables
vrhen E& is lax'ge compared with p~~. The segment
p,ff may correspond to the energy loss of the pro-
jectile in the nuclear mattex due to inelastic pxo-
cesses.' although it is Still difficult to form a
systematic view on this point.

The simple dependence for Q«vrith respect to
E„g, g, and g„b were obtained without introduc-
tion of the difference in the nuclear potentials at
the lnltlal axld the final channels as px'oposed by
Siemens gt g).' The systematics of Q" are qual-
itatively understood with the recent interpretation
of %ilczyfiski et g)."in terms of nuclear friction,
with the radial component being much more impor-
tant than the tangential component.

As is shown in Fig. 1, the cross seeti, ons for
the production of g for a given incident channel
and energy al'6 very different from one px'oduet to
another. The most important tactor which governs
the reaction mechanism, and hence the Q, is the
energy loss of the scattering particle in the nu-
cleax' matter. The key factors which determine
the cross section g are the p, the @,and the level
density of the x'esidual nucleus around excitation
E ' the 8pectral fox'Dl ls qualitatively x'epx'o-
dueed. ' ""



SYSTEMATICS OF OPTIMUM Q VALUES IN MULTINUCLEON. . .

2. Mott probable effective outgoing velocity vP

In the transfer region, the initial velocity g, Rnd

the most probable outgoing velocity y&, at the
bRrrlex' corresponding to Q'off, Rx'8 obtained from
the x elations

=Eg —~g+ Qe«

m+Jeff y

where p, Rnd p,~
Rx'8 the reduced D1Rsses ln each

chal1nels.
Figure ll shows the ratios otu/u, plotted against

~ for VRX'ious x'8RctloDs. 7118 values of g&~ Rx'8

averaged over the emission angles. The geDeral
trend is very similar for a wide range of reactions
listed ln the figure: The ratio ot/o& decreases
from about unity for g = 1 to 0.4-0,5 for g = 10.
This is in contrast with the simple theories (e.g. ,
Ref. 7) which assume that the reaction be direct
and that g&- g&.

The possibility of contributions from the sequen-
tial particle decay of excited primary fragments,
RS px'oposed by Bondorf and Norenberg„would
x'esult in a constant average velocity g&, which is
not the case in the present experiment.

Since the pioneer vrork of the Orsay~ Rnd Dubna
groups, ' it is well known that the spectrum of Q

consists of two paxts which are called "quasi-
elRstlc and deep lnelRstlc ' px'oc esses. The
px'esent authors have also obsex'ved the existence
of bvo parts in the spectrum as mentioned above.
The higher energy pal't of this spectrum col'res-
Ponds to R quaslelastlc Proce88y however y

Fig. 1j. throws some doubt on the tex'm "quasi-
81Rstlc ' Rt least for' 1Rx'gel N.

052cfP g 95MeV

X - 80MeV

64MeV

e9& 'OOm'~V 9VVqV

940. t2(" 90M@V

%+2Th.2 Ne t74MeV
(Artukh et at. )

Th ~ N t45MeV
jArtvtth et al. )'0 ~

0 ) 2 3 4 5 6 7 8 9 0

FIG. 11. The ratio of the most probable final velocity
el~ to the incident velocity v

&
in the transfer region plot-

t86 agRlnst the nQmber of transferred nUcleons s .

3. Reactions for Iarger number of transferred Ipartfcles

The varlat10n of the Q with the Eh,b and Q vER8

discussed above (Fig. 7).
For reactions involving z larger than 4-5, the

residual enex'gy of the particle traveling in the

nuclear mattex, probably at its diffuse rim, will
become insufficient to dissipate energy Rt the same
rate u,«, hence the linearity (3) breaks down

and Q,tt saturates with respect to tt (Figs. 8 and

9). However, this saturation may be due to differ-
ent reaction mechanisms such as transfer in

clustex, bxeakup of the projectile, sequential
decay and/or a compound nuclear reaction. For
the largest g, , i.e., g = 10 with & = ~He in the present
case, Q,«= p~ -g„jxrespective of the incident
variables. This is a necessary but not a sufficient
condition that the reaction proceed via a compound

nucleus. " The angular distribution of the emitted

o. particles are peaked in the forward di.xection.
The possibility of breakup of the projectile, g-Q
+c, where g is an unobserved particle, cannot
be ruled out, merely on the basis of kinematic con-
sideration for ~ » 4."

The SPectrum Qf Outgoing Partlclesy Q y for
muitinucieon transfer reactions &(8,b), induced

by heavy ions of energy much higher than the
Coulomb barrier were investigated. The discus-
sion has been limited to the higher-energy part
of the spectrum for M~&M„when two components
wex'6 observed.

Throughout a wide range of Z, and p+ tt, the
simple linear relation (3) between the most prob-
able effective g value, Q~«, vs tt, the number of
transferred nucleons„was obtained fox' g ~ 4-5.
It was found that a constant amount of energy o.,ff,
which is about one-tenth of the energy available
at the barrier E, —p~, is lost per nucleon trans-
ferred.

The key factox'8 which govern the reaction are
the energy loss of the scattering particle in the
diffuse rim of the nuclear rnatter and the level
density of the residual nucleus. The occurrence
of reactions at the vexy diffuse rim is de-
ducedy 1D ' Cx'+ N reactlonsy from the very
weak dependence of Q Rnd /tabb and R coDstRDt

value of P in Eq (2). The .values of QQ, are inde-
pendent of the N and g of individual adjacent tar-
get nuclei and hence of theix' nuclear structure.
For 18Rctlons of N+ Cx', , eveD Q depend8 ODly

on I tEQ. (2)j, irrespective of neutron and proton
transfex.

The ratio of the most probable final velocity to
the incident velocity ot /o, is about unity for tt = i
and decreR888 Rs g lncx"eR888.
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For n&4-5, the linear relation breaks down and
the role of other reaction mechanisms becomes
more important.

The energy and mass regions studied here play
the role of a "bridge" between the reactions of
very heavy nuclei, dominated by deep inelastic
processes' "and those between lighter heavy ions,
which reveal many selective peaks. "
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