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Strong L = 0 (t, p) Transitions in the Even Isotopes of Ti, Cr, and Fe
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Absolute differential cross sections for strong L =0 (t,p) transitions on targets of Ti,
4Cr, and 5 ' 5 ' SFe have been measured. The bombarding energy was 13 MeV and reac-

tion angles of 12.5 and 20 were used. The data are compared with model predictions, with
special emphasis on the pairing-vibrational model with isospin. The latter model correctly
predicts the dependence on neutron. number of the (t,p) cross sections but fails, as do all other
models, to predict the steady cross-section decrease with increasing Z. It is suggested that
the latter effect is caused by a slow change in the ground-state correlations.

1. INTRODUCTION

High-resolution (t, p) reaction data have been
published for all the even isotopes of Ca, for
~a csTj, ~ ~ Cr, and for + Fe ' The Ca ex-
periment yielded cross sections in mb/sr but all
the others gave differential cross sections in ar-
bitrary nonrelated units. The primary aim of the
present experiment was to obtain absolute cross
sections for the (t, p) reactions on targets of the
even isotopes of Ti, Cr, and Fe, with particular
emphasis on the strong 0' —0' transitions. To-
gether with the Ca data this allows a test of the
recent pairing-collective model with isospin in-
cluded'' over a rather wide range of nuclei. Mod-
els previously proposed for the even nuclei in this
region have concentrated on the isotopes of a giv-
en element' or on the f,/2 shell ~

' The pairing-col-
lective model takes "Ni as the pairing ground
state and predicts the 0' transition intensities in
even nuclei from Ca to Se. The present experi-
ment provides a test of these models through the

f7/2 shell and part of the f-p shell and, in addition,
it provides an absolute cross-section scale for
the transitions observed in the earlier work, rely-
ing only on a small distorted-wave correction to
connect the present 13-MeV data with those at
=12 MeV (Cr, Fe) and 11.14 MeV ("Ti).

II. EXPERIMENTAL PROCEDURES

A. Targets

The targets were made by vacuum evaporation
of a specially prepared sample of the metal of the
relevant element. The samples, consisting of ap-
proximately equal amounts of the even isotopes of
the element were prepared by the Isotopes Divi-
sion of Oak Ridge National Laboratory from stock
enrichments of the relevant isotopes. The final
enrichments of each sample were determined by
a mass-spectrometer analysis, the results of

which are given in Table I. The targets were typ-
ically 40-60 pg/cm' thick and a carbon foil of
similar thickness was used as a backing.

B. Procedures

The targets were bombarded with 13-MeV tri-
tons from the Los Alamos tandem accelerator.
First, the proton spectra from the three different
elements were measured using an Elbek-type mag-
netic spectrograph and photographic plate detec-
tion. Data were taken at lab angles of 12.5 and
20' with respect to the beam; these angles were
a.iso used in the experiments quoted above. ' ' (It
was not possible in the present experimental ar-
rangement to obtain a, scattering angle of 5'.) In
a second bombardment of each target a solid-state
counter telescope was used as a detector; the tele-
scope was linked to the SDS 930 on-line computer
so that mass identification could be accurately per-
formed. ' In the counter experiments the (t, p) in-
tensities were measured relative to the (t, t) in-
tensities at 12.5 and 20'. The elastic scattering
was measured from 12.5 to 30' in 2.5" intervals.
In the case of Fe the counter-telescope experi-
ment was made on a "Fe target (enriched) rather
than on the 'Fe sample, whereas the Cr and Ti
data were from the mixed isotope targets.

The absolute cross-section scales were estab-
lished by normalizing the (t, t) data to optical-mod-
el calculations. The calculated elastic cross sec-
tions vary from about 80%%u& of the Rutherford value
at 12.5 to about 4(Fj~ at 30'. This region is rather
insensitive to variations in the optical potential,
and the cross-section scales are believed to be
accurate to within *15%%uo. Errors on the cross-
section scales will constitute a systematic error
for any given element, but do not affect the rela-
tive cross sections for the various isotopes of the
element. The latter are probably accurate to +10%
for the ground-state transitions.
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TABLE I. Isotopic composition of the targets in jp. The numbers are from a mass-spectroscopic analysis made on

the specific sample used for the relevant target and furnished by Oak Ridge National Laboratory.

Target
element 46 48 49

Mass number
50 52 53 54 56 58

Cr

Fe

31.05
+0.10

1.55 33.15
+0.05 +0.10

1.28
+0.05

32.99
+0.10

26.88 38.12 0.98 34,02

33.22
~0.10

32.66
+0.10

1.47 32.65
+ 0.05 +0.10

C. Results

A proton spectrum from the '"Cr(t, p) spectro-
graph experiment is shown in Fig. I. The energy
resolution was better than 15 keV full width at
half maximum, and the strong L = 0 transitions in-
dicated were readily identified by comparison with

results from the literature. An independent check
on the previous L= 0 assignments was obtained
from the characteristic ratio o(12.5')/a(20'), and
in all cases the present results agreed with the
older assignments. The observed ground-state Q
values, excitation energies, and 12.5' cross sec-
tions are shown in Table II in comparison with the
results from Refs. 2-4. In the 11-MeV 48Ti(t, P)
experiment' as well as in the 12.15-MeV "Cr(t, P)
experiment' two strong 0' transitions were ob-
served. The relative intensities for the Cr tran-
sitions agree well with the present results, where-
as there is some difference in the Ti case. Dis-

torted-wave (DW) calculations indicate that some
of the discrepancy in the Ti case stems from the
different bombarding energies used in the two ex-
periments.

III. ANALYSIS AND DISCUSSION

A. Distorted-Wave Procedures

The data were analyzed with the two-nucleon-
transfer code TWOPAR by Bayman and Kallio"
using the procedures of Flynn and Hansen. " One

triton potential was taken from the work of Flynn,
Armstrong, and Beery~ ("Cr), while a second po-
tential had a somewhat lower absorption (see Ta-
ble III) to take into account the high isospin of
some of the target nuclei. Three different proton
potentials were tried, all of Percy geometry, "
but with different real and imaginary depths (see
Table III). In terms of the Percy prescription [Eg.
(2), Ref. 13] for the real well depth, the value V
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FIG. 1. Proton spectrum at 12.5 from the (t,p) reaction at 13.0 MeV on the mixed Cr target. The labeled peaks
correspond to the strong 0+ states in the Cr isotopes discussed in the text.
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= 53 MeV corresponds to the lowest outgoing pro-
ton energy encountered in these experiments,
whereas V =49 MeV corresponds to the highest
proton energy of interest.

Some comparisons between the L =0 angular dis-
tributions predicted by TWOPAR and the "Ca and
"Ca angular distributions from Ref. 1 are shown
in Fig. 2. The combination of potentials FL2 and
Pl (Table III) gives the best fits to these data. The
Cr data show, though, a vague preference for the
FL2, P2 combination. Combinations with P3 are
ruled out by the data. The full analysis was made
with the combinations FL2, P1 and FL2, P2. At
forward angles the predicted cross sections for
the first combination are from 6 to 18% larger
than f'or the second combination. The combination
FL1, P1 gives cross sections about 30%%uo larger

than from the FL2, P2 combination. The theoret-
ical cross sections in the analysis given below are
all from the FL2, P1 combination.

An absolute normalization of the DW cross sec-
tions is used in the discussions to follow. If the
cross section calculated from the code is oD~,
then"

(do/dm)o~=310xoD~(t, p} mb/sr .

Here oD~ contains the two-neutron spectroscopic
amplitudes and the statistical factor (2Zf;„„+1)/
(2J; „„+1), but it does not contain any isospin
Clebsch-Gordan coefficients. The value of N= 310
corresponds to a value of Dp of 25 0&10 MeV'fm'
(see Flynn ef al."}.

Absolute cross-section scales are provided for
the previous (t, p) work by applying a DW calculat-

TABLE II. Strong L =0 (t, p) transitions. The results from the present experiment are at 12.5' lab angle and E&
=13.0 MeV. Errors are discussed in the text: they are +15% on the rnb/sr scale for each element and +10% for each
number within the isotopes of an element.

Final
nucleus

(keV)

Present exp.

Q
(keV)

E„
(keV)

Previous exp. exp. exp.

Relative scale
arbitrary units

Previous Present

mb/sr

Present
exp. Ref.

48Ti

50T;

"Cr

54( r
56( r
"Fe
58Fe

"Fe

12021'

10 591 +10

5700 ~ 10

12823 ~

9171+ 10

6024+ 10

12021 ~

9209 + 15

6907+ 15

0
4589+ 15
4967 ~ 10

0
3865 + 10

0
2660 + 10
4745 ~ 10

12021'

10 609

5698 + 10

12 823

9181~

5995+ 30

12 021'

9202 ~

7025 ~

0
4591+ 15
4974 + 15

0
3880 + 15
5633 + 15

0
2663+ 15
4749 + 15

100(5')
25(5 )
73(5.)

100(5')
170(5')
40 (5')

100(5')
117(5')

27(5 )

100
20
37

100
129

100
100

28

1.10
0.22
0.41

0.96
1.24

2.38

0.57
0.57
0.16

1.44

3.13

1.12

1.70

2.51

~Mass Q values from J. Mattauch, W. Thiele, and A. Wapstra, Nucl. Phys. 67, 32 (1965).
b The experiment of Ref. 2 was performed at E&

——9.64 MeV; the cross sections for Ti(t,p) Ti from Ref. 2 should
not be compared directly with the present data.

See Ref. 2. E&=11.14 MeV.
dSee D. C. Williams, J. D. Knight, and W. T. Leland, Phys. Letters 22, 162 (1966). E& ——7.5 MeV. No excited 0+

states reported.
'See Ref. 3. E& ——12.15 MeV.
See Ref. 3. E&

——11.95 MeV. Excited 0 states were found at 4009 and at 4572 keV with intensities of 6 and 19% of the
ground-state trans ition, respectively.

~See Ref. 3. E& =11.99 MeV. An excited 0+ state at 3.897 MeV was excited with 4% of the ground-state cross section.
"See Ref. 4. E&—- 12 MeV. Several excitedL =0 transitions were observed, the strongest leading to a state at 3.60

MeV with 14% of the ground-state cross section.
'See Ref. 4. E& -—12 MeV. The strongest L =0 transition above the ground state is to the 2.26-MeV level, and it pro-

ceeds with 10% of the ground-state cross section.
j Not reported before.
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TABLE III. Optical-model potentials. The optical potentials were of the %'oods-Saxon shape. The notation is standard.

Particle
W

(MeV) p

p

(fm) a' &pc

FL1
FL2
P1
P2
P3
BS

165.4
165.4

53
49
49
a

12
16.4
0
0
0
0

0
0

15.5
15.5
12.5

0

1.16
1.16
1.25
1.25
1.25
1.27

0.75
0.75
0.65
0.65
0.65
0.65

1.50
1.50
1.25
1.25
1.25

0.75
0.75
0.47
0.47
0.47

1.3
1.3
1.25
1.25
1.25

Adjusted to give a binding to each particle of 0.5 [Q(t,p) +8.482] MeV. The triton rms radius was taken to be 1.7 fm.

ed correction to our absolute cross sections at 13
MeV and 12.5' to convert them to the conditions
of Refs. 2-4. The correction factor varies slowly
with energy, mass, Q value, and configuration;
hence, within the accuracy expected, one such fac-
tor is sufficient for the Cr and Fe data at -12 MeV
and 5 and one for the "Ti data at 11.14 MeV and
5'. For the Cr, Fe data our 0' cross sections
must be multiplied by 2.72, while for "Ti they

I I I I

must be multiplied by 2.85 to yield effective cross
sections applying to the experimental conditions
of Refs. 2-4. For example, the "Cr(t, P)~Cr
ground-state cross section of 1.44 mb/sr found
here implied a 12 MeV, 5 cross section of 3.9
mb/sr which corresponds to the number 890 quot-
ed in Ref. 3, Table 3. These correction factors
should be accurate to +30%, and result mainly
from the change in angle rather than in bombard-
ing energy.

B. Pairing-Vibrational Model with Isospin
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FIG. 2. Comparison of measured and calculated L = 0
(t,p) angular distributions in the Ca isotopes. The data
are taken from Ref. 1. The calculated distributions were
obtained using the code TWOPAR and the optical poten-
tials indicated (see Table QI).

A pairing-vibrational description of the 0' states
around Ã= 28 has been proposed by Bohr, ' Nathan"
and recently in more detail by Bayman, Bes, and
Broglia. '

The ground state of doubly magic "Ni (with iso-
spin T = 0) is taken as the reference, vacuum state
I0&. The operator I'~(a =2) which creates the
ground state of "Ni,

I'Ni(0)&=I'(a =2, T =T, =I) I0&, (2)

and the operator I' (a = -2) that leads from 58N1(0)

to ~¹(0),
I"Ni(0)& = I' (a = -2, T = 1, T, = -1)I0), (2)

are the fundamental excitations of the scheme. The
pair-creation operator I' (a = 2, T = T, = 1) adds a
pair of neutrons with intrinsic spin S = 0 which are
scattered primarily over 2psi2& 2PI/22 and 1 fs]2
orbits in some definite way. Since the scheme in-
troduces ground-state correlations in the vacuum
state I 0& of two-particle-two-hole, four-parti-
cle-four-hole, etc. character, the I' (a =2) op-
erator also to some extent adds pairs of particles
in the shell below, 1f„„2s„„andId», . Con-
versely, the pair-removal operator I' t(a = -2)
predominantly destroys a correlated pair of nucle-
ons in the 1f„„2s«„da1nd„,orbits and to a
lesser extent it destroys pairs in the 2p„„2p„„
1f„,orbits. It is specifically assumed that the
structure of the I'~ operators does not depend on
T, . Hence the scheme handles proton-proton and
proton-neutron (T = 1, S =0) correlations on the
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same footing as the neutron-neutron correlations.
The excited states in the scheme are built by

suitable stacking of the two fundamental excita-
tions (harmonic approximation), which excitations
are treated as bosons. Hence (I' )" can yield T
=0, 2, 4, . . .nifniseven, andT=1, 3, 5, . . . n

if n is odd. The isospin coupling scheme is de-
fined by combining the isospins of the n„removal
operators [I' (o. = -2)] to T„ then the isospin of
the n, addition operators [I' (o. = 2) ] to T, , and

finally by coupling T„with T, to give the total iso-
spin of the state T and its z component T, . Hence
any state in the scheme is characterized by the
quantum numbers

(n, T„,n, T„TT,) . (4)
The assignments given to the various levels in-
volved in the present analysis are shown in Table
IV.

The energy relations implied by the vibrational
scheme will not be dealt with here, since the ob-
served energies can be accounted for equally well
by the vibrational and the rotational schemes, and
hence the energies do not distinguish which of the
schemes is in better agreement with experiment
(see Ref. 6}.

The intensity relations for two-nucleon-transfer
reactions were derived in Ref. 6, and they may be
written

o, =n, (TT, 1(T,' —T, ) iT'T,') (1(t,' —t, )~ t, ~ ~ t,') (2T,'+ 1)(2T+1)

for a transition

(—,', t, ) +(n„T„,n, T„TT,) - (~t,') +(n„T„,n, +1T,', T'T,'),

g„=a„{T'T,'1(T, —T,') ~
TT )'(1(t.,'- t, )~ t, ~

—,
' t,')'(2T,'+1)(2T' 1)

T, T' T„' ', (T„+1)(n„+T„+3) (, T„(n„T,+2)-
(6)

for a transition

(
—'„ t, ) + (n„T„,n, T„TT,) —(—,', t,') + (n„+ 1 T„', n. T. , T 'T,' ) .

Here the lower case t's designate isospins of the
incoming and outgoing light particles. The first
equation is useful for a (t, P} transition if the two
neutrons are predominantly deposited in the P3/p,

P„„f„, shell, whereas Eq. (6}corresponds to
pickup of two nucleons mainly from the s, d, and
f orbits and applies to the (P, t) reaction. Equa-
tions (5) and (6), however, are valid for the in-
verse processes as well. For the (t, P) reactions
the product of the isospin Clebsch-Gordan coeffi-
cients is always —', .

Two simple features emerge from Eqs. (5) and (6).
(i) If T, and T,' have their maximum values in
Eq. (5), i.e. , they equal n, and n, + 1, respectively,
then

o, ~(n, +1) .

The cross section for pair addition varies like
1:2: 3, etc., as neutron pairs are placed into the
P3/g Pygmy f5/g orbits . This result, modified by a
small Q-dependent correction, mill be evident be-
low for the Fe and the heavier Cr isotopes.
(ii} Transitions with the same T and T' [Eq. (6)]

will have

c„~(n„+I) . (8)

The comparison between theory and experiment
was made using the semiempirical Ca form fac-
tors of Ref. 11. The "Ca.-"Ca(g.s.) form factor
was used for all transitions obeying Eq. (6), while
the "Ca,-'OCa(g. s.) form factor was employed for
all Eq. (5) transitions. Using the normalization
specified by Eq. (1) these form factors predict the
"Ca-"Ca(g.s.) and "Ca-"Ca(g.s.) cross sec-
tions as 1.45 and 3.21 mb/sr, respectively, in
very good agreement with the experimental num-
bers 1.48 and 3.24 mb/sr, respectively. Thus,
with the form factors used, the absolute cross-
section scale as mell as the relative increase in
cross section caused by the N= 28 shell closure
are correctly predicted.

The present DW analysis differs from that quot-
ed in Ref. 11 because of a small error discovered
in the DW code" subsequent to the publication of
Ref. 11. The error also affects the other (t, P)
cross sections used in Ref. 11 but to a smaller ex-
tent. The result N= 310 is changed by &6% and we
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have therefore continued to use the published num-
ber.

Predictions on~(Z, E, E, Q) were calculated for
all the transitions of Table IV using the appropri-
ate bombarding energies and Q values. The theo-
retical cross sections given in Table IV are
oD~(Z, Ã, E, Q) multiplied by a„,(Z, N)/o, ,("Ca),
where the o, , were calculated from either Eq. (5)
(a,) or from Eq. (6) (o„). o,("Ca} is cr, ("Ca
-"Ca(g.s.)) and o, ("Ca) stands for o, ("Ca
—"Ca(g.s.)). Table V lists the ratios of experi-
mental to theoretical ground-state cross sections
displayed as a function of N and Z. In the region
just around "Ca there is quite good agreement be-
tween experiment and theory, but as one moves
away from this nucleus discrepancies on the order
of a factor of 4 to 10 develop.

The cross sections of the N = 26- 28 and the N
= 28- 30 ground-state transitions fall off rather
strongly as a function of Z, a trend that is only
vaguely apparent in the model predictions (see
Table IV). This smooth falloff is apparently not
accompanied by a fractionation, whereas the tran-
sitions to excited 0' states usually are fraction-
ated. ' ' The total strength to excited 0' states
other than those quoted in Table IV may be as
much as 50%%up of the cross section for the transi-
tion cited in the table [e.g., "Ca- "Ca (Ref. l)
and 'OCr —"Cr (Ref. 3)].

The N dependence of the ground-state(t, P} cross
sections is in quite good agreement with the model
predictions (see Tables IV and V), although for N
~ 24 the predicted cross sections increase with de-
creasing N somewhat faster than the experimental
intensities. The ratio a(N =26-28) jo(N=28-30)
is about constant, as predicted by the model. The
o(1V=28-30): o(%= 30-32):o(X =32-34) is pre-
dicted as =1:2 for Cr and as =1:2.0: 2.8 for Fe.
The experimental numbers are 1:2.2 and 1:1.5:
2.2, respectively. [Note that the theoretical o val-
ues incorporate Q value effects and hence differ
from the rule of Eq. (7).]

In summary, the pairing-vibrational model cor-
rectly predicts the N dependence of the (f, P)
ground-state cross sections. It predicts excited
0' states for N &„~26 and no excited 0' strength
for N~&„& 28, in agreement with experiment. How-
ever, for N~,g„~ 26 it considerably overestimates
the observed excited 0'-state cross sections. It
fails to predict the observed Z dependence of the
cross sections.

(:. Pairing Rotational Model with Isospin

This model' is based on the superconducting ex-
treme of the pairing model, and hence the N= 28
shell closure in this picture is completely washed
out. The model predicts an excited 0' state with

TABLE EV. Pairing-vibrational analysis.

Target
nucleus

Final
nucleus (MeV)

Quantum numbers
(+y +7 y +tt +tI y + +g)

Target Final a
+exp + theory +theory Comments

"ca
'4Ca

Ca
48Ca

46Ti
48Ti
50T.

50Cr
52( r
'4Cr

'4Fe
56Fe
58Fe

42( a
4'ca
'6Ca

46Ti
48Ti

"cr

44Ca
46Ca
4'Ca
"ca
48Tl

50Ti
52Ti

52cr
'4Cr
"cr
56 Fe
58Fe
60Fe

"ca
46( a
'8Ca

8T1
50Ti
52( r

5.86
5.60
5.46

4.97
3.88
2.66

71;00; 11
62; 00; 22
53; 00; 33
44; 00; 44

51;00; 11
42; 00; 22
33; 00; 33

31;00; 11
22; 00; 22
22; 11;33

ll; 00; 11
11;11;22
11;22; 33

71;00; 11
62; 00; 22
53; 00; 33

51;00; 11
42; 00; 22
31;00;11

62; 00; 22
53; 00; 33
44; 00;44
44; 11;55

42; 00; 22
33; 00; 33
33; ll;44
22; 00; 22
22; 11;33
22; 22;44

11;11;22
ll; 22; 33
11;33;44

71; 11;22
62; 11;33
53; 11;44

51; 11;22
42; ll; 33
31;11;22

2.4
2.0
1.5
3.2
1.1
1.0
2.4

0.57
1.4
3.1
1.1
1.7
2.5
1.5
1.9
3.0
0.4
1.2
0.57

4.3
2.9
1.5
3.2
2.2
1.1
2.9

0.91
2.5
5.0

2.2
4.4
6.2

4.3
4 p

3.6
3.5
3.3
2.6

0.56
0.69
1.0
1.0
0.50
0.90
0.83

0.63
0.56
0.62

0.50
0.39
0.40

0.35
0.48
0.83

0.11
0.36
0.22

N =26 28
N =28 30

N =26—28
N =28 30

N =26 28
N =28 30

~The Ca data are taken from Ref. 1; all other data are from the present experiment. The cross sections are in
mb/sr.



CASTEN, FLYNN, HANSEN, AND MULLIGAN

TABLE V. N and Z dependence of ratios of experi-
mental and pairing-vibrational (t,p) cross sections for
ground states.

TABLE VI. N and Z dependence of ratios of experi-
mental and MBZ-model (t,p) cross sections for ground
states.

Element 24
Final-state neutron number

26 28 30 32 Element
Final-state neutron number

22 24 26 28

Ca
Ti
Cr
Fe

0.56 0.69 1.0 1.0
0.50 0.90 0.83

0.63 0.56 0.62
0.50 0.39 0.40

Ca
Tl
Cr

1.0 1.0 0.9
1.5

1.0
1.0
0.8

a cross section similar to the ground-state inten-
sity for N &;„„~28 as well as for N „„„&28. Thus
this model fails with regard to Z dependence, N
dependence, and excited 0' strength.

D. Microscopic Approach

Microscopic calculations with a pairing Harn-
iltonian and a configuration space consisting of
the 2s„„ ld„„ lf„„2p„„2p»» and 1f„,orbit-
als have been published by Bayman and Hintz for
the Ca case. ' They found quite reasonable agree-
ment with experiment. Recently an extensive shell-
model calculation for Ca has been published by
Federman and Pittel'; they find good qualitative
agreement with the (f, p) data although no DW cal-
culations were made. Outside of Ca no adequate
microscopic calculations are available. The f7/2
model wave functions of McCullen, Bayman, and
Zamick' give absolute cross sections that are
about a factor of 6 too small. However, the rela-
tive ground-state cross sections within the Ca iso-
topes agree well with the experimental trend as
has been pointed out previously. " For the three
Ti and Cr transitions occurring within the f,/2

shell the agreement for relative cross sections is
also reasonable (see Table VI) and at least as ac-
ceptable as that of the pairing-vibrational model.

E. Summary and Discussion

The fact that the N= 26- 28 and the N= 28 —30
ground-state cross sections decrease with increas-

ing Z without any observable fractionation sug-
gests that the cause for this behavior is a change
in the ground-state correlations. The importance
of such correlations is demonstrated by the DW
calculations of the "Ca(t, P}"Ca(g.s.) cross sec-
tion. Using an N of 310, a do/d~ at 5' of 0.5 mb/
sr is calculated with a pure (f„,)' form factor.
Using instead a, form factor 0.97(1f„,}'—0.14(2s»,)'
—0.19(ld», )' incorporating s-d shell correlations,
a cross section three times larger is predicted
(1.5 mb/sr). Finally allowing P mixtures too,
0.94(f„,) —0.14(2s„2)' —0.19(lds„)'+0.22( p~, ~)'
+0.097(P„,)', a cross section of 3.0 mb/sr is cal-
culated, i.e., six times the (f„,)' value. (The last
form factor is from Ref. 11 and is the one used in
Table IV.) Hence the (t, P) reaction in this region
is very sensitive to small admixtures of s and d
holes, and it appears that the extent of these ad-
mixtures largely determines the cross-section
magnitude. Therefore, small changes in the ad-
mixture will greatly influence the cross sections,
and it seems reasonable to connect the observed
Z dependence with a gradual filling of the s and d
neutron holes and an increase in P mixing as the
single-particle levels are shifted as a function of
proton number. (See also the arguments in works
of Cohen" and Yagi.")
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Differential recoil spectra for the 5Mg(p, 2p) Na reaction have been measured radiochemi-
cally at recoil angles of 90 and 60 for an incident energy of 300 MeV and at a recoil angle of
90' for 100-MeV bombarding energy. All the spectra display two peaks. The position of the
lower-energy peak seems to remain unchanged with a shift in incident energy, while the high-
er-energy peak shifts to higher kinetic energies with an increase in bombarding energy. The
results are compared with the spectra calculated from a plane-wave impulse-approximation
calculation which assumes that only the 1d&g2 protons in 5Mg are available for interaction.
Limited agreement is obtained.

INTRODUCTION

In recent years, considerable interest has been
shown in the mechanism of high-energy proton-in-
duced nuclear reactions. In particular, the mech-
anism of the so-called "simple" reactions has
been under investigation for some time. ' For the
most part, experimental investigations of these
reactions have consisted of the measurement of
production rates for the various reactions, as well
as the determination of the change in these rates,
as the incident proton energy is varied. ''

More recently, several experiments have been
performed in which the integral recoil properties
of a few of these reactions have been measured. ' '
In these experiments, the amount of product activ-
ity recoiling out of the target into the forward,
backward, and perpendicular hemispheres is mea-
sured relative to the activity remaining in the tar-
get foil itself. Such studies suffer from two major
disadvantages: (a) Because of collection of the to-
tal activity in a particular direction, only the aver-
age recoil kinetic energy can be inferred and con-
sequently any possible structure in the recoil en-
ergy spectrum is lost; and (b) since the activity
is collected in a 2m geometry, the nature of the
angular distribution of the recoils and its effects
on the derived average recoil kinetic energy is un-
known.

Several workers" have measured the differen-

tial recoil spectrum for the product of a "simple"
reaction. In these experiments, the distribution
of product nuclei as a function of recoil kinetic en-
ergy is measured directly, thereby eliminating
one of the difficulties of the integral recoil mea-
surements. Other investigators have measured
integral angular distributions of such reactions
both separately' and as companion studies to the
recoil measurements. e' However, such treat-
ments suffer from the difficulties encountered in
trying to unfold the effects of the angular distribu-
tion and the energy spectrum on each other. Ideal-
ly, it is desirable to measure the energy spectrum
as a function of the recoil angle in order to elim-
inate the geometrical averaging which confuses
the interpretation given to the recoil spectrum.

Theoretical investigations of the "simple" re-
actions have for the most part been based on the
Serber model and have employed Monte Carlo
techniques in the numerical calculations. '" It
has been suggested'" that "simple" reactions
may be more properly described by a treatment
giving more consideration to the quantum mechan-
ical structure of the nucleus than does the Serber
model. Benioff and Person" have recently per-
formed such calculations, and their agreement
with the small amount of available data is encour-
aging.

The purposes of the present work are: (a) to
measure the differential recoil spectrum of a


