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PREFACE

It is with pride and pleasure that I greet the

1976 Annual Report of the Utrecht Robert Van de

Graaff Laboratory, which will be the first of a

long series, we hope. On this occasion a few words

about the past seem appropriate.

It can be stated with some Justification that

the history of Utrecht nuclear physics extends over

the past 25 years. Some earlier work had hardly

passed the instrumental stage. In 1951 measure-

ments were started with our 600 kV (later 850 kV)

Cockcroft-Walton generator of the angular distri-

butions oï secondary particles from (d,p) and (d,n)

reactions on light nuclei. Without doubt the in-

spiration for this early work is due to W.W.

Buechner and his thriving group at MIT, where

several Utrecht physicists spent an enlightening

apprentice period.

With the advent of the y~ray scintillation de-

tector the work with our first accelerator was

switched over to (p,y) reactions, a lucky hit be-

cause of the wealrh of spectroscopie information to

be obtained with them. The Cockcroft Walton has

been in use until 1969 when the group moved from

the walls of the inner town to the new campus out-

side Utrecht.

In 1960 a 3 MV HVEC Van de Graaff accelerator

came into operation. It also has been used mainly

and is still used (although, after upgrading, it

now reaches 3.8 MV) on capture reactions, like

(p,y) and (a,y). At present about 50% of the run-

ning time is given to visitor groups working on

atomic and solid-state physics.

Our 6 MV HVEC tandem generator (which with good

handling regularly reaches 7.5 MV) has been in-

stalled in 1968. A point in common of most of the

present work is the detection of -y-rays produced in

heavy-ion induced reactions.

The productive lifetime of any accelerator is

limited and apparently the time has come to consi-

der plans for a new (and larger) generator. The

energy limitations, imposed By the present tandem

are more severely felt every day. These plans have

crystallized into a proposal for a 15 MV tandem.

In 1975 the proposal was recommended by a group of

esteemed foreign colleagues who had evaluated Dutch

nuclear physics, and it is now also supported by

the physics department, and by the nuclear physics

section of FOM. We sincerely hope for the necessary

funds, that will enable us to go along with the

project in good time. The present report may help

to convince those responsible for a decision that

Utrecht nuclear physics is viable and worthy of

support.

One special occasion in 1976 should not go un-

mentioned. In this year tlie 50th Ph.D. degree on

nuclear physics researrh was handed out in Utrecht.

It was celebrated with a dinner at which many of

the 50 Ph.D's were present.

I want to conclude this preface by warmly thanking

all those who took part in the preparation of our

first annual report. We are especially grateful to

Dr. T.W.M. Glaudemans and Dr. G. van Middelkoop who

selected and ordened the material, to Everdina Bos

who typed the manuscript and to Jaap Jasperse who

took care of the lay-out.

P.M. Endt
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1. RESEARCH WITH THE EN TANDEM ACCELERATOR
S=:=SSÏ==SSJ=ÏS===3BSS=5SSS=SSSSS5SSS=ÏSSS

1.1. GAMMA-RAY SPECTROSCOPY WITH HEAVY IONS

H.J.M. Aarts, M.A. van Driel, B.H. Eggenhuisen, L.P. Ekstrom,
S.A.P. Engelbertink, J.A.J. Hermans and D.E.C. Scherpemeel

HIGH-SPIN STATES IN sd-SHELL NUCLEI

Heavy-particle induced fusion-evaporation re-

actions are an excellent tool for the investiga-

tion of nuclear structure properties, such as ex-

citation energies, spins, parities, lifetimes and

•y-ray decay of yrast levels in light nuclei.

At the bombarding energies used (about 40 MeV)

the reaction mainly proceeds by means of the

fusion-evaporation process. In th.3 first step of

this process the incident particle and target nu-

cleus fuse together ir a highly excited compound

nucleus. In the second step, the decay of the com-

pound nucleus, moving with high velocity along the

beam axis, takes place by emission of a few light

Mg*1 O.xn.yp.ïa, y) Compton-suppression spectrometer

0I.45MCV <i 4 „ 280 ugfcm* «Mg on tlKk Au
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Fig. I. The y-ray speotrum observed with the

Compton-sitppression spectrometer in the bombard-

ment of an enriched Mg target with a 45 MeV,

SO nA, 0 beam after six hours measuring time.

particles (neutrons, protons or a-particles) fol-

lowed by y-rays. The light particles boil off wil.h

little kinetic energy and small angular momentum.
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Fig. 2. Spectra of the Compton-suppression spectro-
meter, coincident with the 891 and 1652 keV transiti-

40
ons of K. A number of y-rays in these spectra cor-

respond to transitions in nuclei other than K.

Fig. 3. Set-up used in y-y coincidence measurements

\-rith the Compton-suppression spectrometer.



Fig. 4. Experimental set-up of the pylarimetev.

The y-rays emitted by the finai system are

therefore emitted by a nucleus (i) with a high-ve-

locity component along the beam axis, (ii) in a

highly excited state of high spin ar.d (iii) with

the spin oriented almost perpendicular to the beam

axis. The y-ray experiments carried out fully ex-

ploit the above sketched features of the fusion-

evaporation reaction.

The highly excited compound nucleus has several

decay modes so that a large number of levels in

several nuclei is populated. A typical -y-ray spec-

trum is therefore rather complex and asks for a

high-resolution spectrometer with low background.

A large volume Ge(Li)-NaI(Tl) Compton-suppression

spectrometer ' (CSS) is therefore used in the

measurement of singles spectra (fig. 1), angular

distributions and y~Y coincidences (fig. 2). The

experimental set-up for Y~Y coincidence measure-

ments between the CSS and a Ge(Li) defector of

about 25Z efficiency is shown in fig. 3. For the

determination of spins and parities it is often
31

crucial ' to know the linear polarization of the y-

rays involved. This polarization can be measured

by the use of Compton scattering as the cross sec-

tion is largest for scattering perpendicular to

the electric vector of the radiation. For this pur-

pose a three-crystal Ge(Li) Compton polarimeter

consisting of a 36 cm scatterer and absorbers of

104 and 125 cm is used. Details are given in sect.6

of this report. Fig. 4 shows the experimental set-

up. Resulting data are shown in fig. 5.

In the analysis of the experimental data no as-

sumptions are made about the shape of the magnetic-

substate distribution of the levels concerned.

Only the firmly established rale that the spin-
4)alignment attenuation factor t»„ is positive in

heavy-particle induced fusion-evaporation reacti-

ons is used. Model-independent restrictions on

spin-alignment attenuation factors, based on the

measured alignment of lower levels combined with

intensity considerations, are also applied.

Mean live? combi led with upper limits for tran-

sition strengths lead to restrictions for multi-

pole mixing «ratios.

The spin-parity hypotheses are analysed on the

basis of a 99.9% confidence limit. The x analysis

is performed with the program CASCAD, which simul-

taneously analyses angular distribution, linear po-

larization and angular correlation data on several

parallel and cascade transitions.

LINEAR POLARIZATION SPECTRA

OF !6Mg.'aO AT El'"o>.34MeV

100 600

EyUeV)

Fig. 5. Sum and difference spectra from a linear

polarization measurement. The symbol a denotes the

ratio of the detection efficiencies of the two

scatterer-absorber systems.

90" -45° O° 45° 9O°-9O° -45* C 45° 30"

Fig. 6. Results of the least-squares analysis of

the angular distribution and the linear polarization

of the P333 keV transition in 40K.

Fig. 6 gives an example of such a x analysis

for lt0K(4.88 MeV) with j " = 9*.



Results for 1(0K and "»2 K, studied with the
26Mg(16O,pnY)1(0K and 26Mg(18O,pnY)1<zK reactions,

are summarized in figs. 7 and 8.

Ex(keV) TTT

6227

40
K

DSA LIFETIME MEASUREMENTS

Nuclear lifetimes in the 5-25 ps region are usu-

ally measured by the recoil distance method with

(for the best cases) an accuracy of about 5%. Ex-

tension of the accurate coincident high-velocity

DSA method to the recoil distance region en-

ables a comparison between two essentially diffe-

rent 'and (supposedly) accurate techniques.

In the present work high-velocity, mono-energe-

tic and uni-directional beams of 1 3C, 1 6N, 2Q0 and

36C1 nuclei in well-defined excited states are ge-

nerated in the 2H(12C,p)13C, 3H(1IfK,p)16N,

3H(180,p)20O and 2H(35Cl,p)36Cl reactions at bom-

barding energies of 15, 12, 20 and 50 MeV, respec-

tively, and subsequently slowed down in Mg, Al, Cu,

Ag or Au. Mean lives between 5 and 20 ps are

studied.

The coincident Doppler patterns are analysed

with the modified stopping powers of Northcliffe

and Schilling (NS). The modification was obtain-

ed by scaling the dE/dx value from NS, for a given

medium and at a given velocity, by the ratio of the

values from NS and from the tables by Ward e_t jd.

for '•He ions at the same velocity. This scaling

factor is given in fig. 9. Figs. 10 and II give

examples of the data.

40,,Fig. 7. Partial level-scheme of K. Only levels
studied in the present reaction ave drawn.
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Fig. 9. Scaling factor K as a function of ion

energy for the presently used slowing-dcwn media.

K is independent of \-he incoming ion.

42,,
Fig. 8. Partial K level scheme. Only levels exci-

ted in the present experiment have been drawn. The

J17 assignments of the exci.ted states are from the

present work.

The resulting mean lives are given in column 5

of table 1. Columns 6-8 give the statistical error,

the slowing-down material and the initial velocity,

respectively. The last column gives the ratio be-



Table 1

A comparison between the high-velocity DSAM and the RDM

Nucleus

13
C

180

20o

36C1

36Cl

Ex
(MeV)

3.85

0.40

1.98

1.67

0.79

1.16

RD a)
m
(ps)

10.7 ±

15.4 ±

9.9 ±

12.4 ±

13.0 ±

6.5 ±

3.58 ±

3.35 ±

2.99 ±

14.2 ±

30 ±

32.3 ±

23 ±

7.1 ±

10.4 +

13 ±

1.0

2.0

0.9

0.8

0.4

0.5

0.18

0.20

0.12

0.8

1

2.5

2

0.5

0.5

4

adopted

(ps)

12.4 +

6.5 +

2.99 +

14.2 +

23 ±

10.4 ±

RD
m

0.6

0.5

0.12

0.8

2

0.5

r»c A b)
present T"

(PS)

12.1

12.4

12.7

13.1

12.9

5.07 C )

2.82

2.79

9.8

19.9

9.2

statistical
error
(ps)

0.2

0.3

0.3

0.3

0.4

0.04 C )

0.06

0.08

0.5

1.3

0.4

slowing-down
material

Mg

Al

Cu

Ag

Au

Mg

Mg

Al

Mg

Mg

Mg

8(0)

%

4.40

4.40

4.40

4.40

4.40

4.13

4.88

4.72

3.66

5.70

5.69

1

1

0

0

0

\

1

1

1

,

I

rRD,DSA
m m

.02

.00

.98

.95

.96

.28

.06

.07

.45

.16

.13

± 0.05

± 0.05

± 0.05

± 0.05

± 0.06

± 0.10

± 0.05

± 0.05

± 0.11

± 0.13

+ 0.07

For refs. see J.A.J. Hermans e_£ a U , to be published.

For stopping power we take K(^) with scaling factor K = (—) " /(4^) N S, see text; K
c^ QX ax ci / ds: ot

Weighted average of the results for the transitions 0.40 •* 0.12 and 0.40 •* 0 MeV.

E 1 for Mg.
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Fig. 10. Gamma-ray Doppler pattern of the CK2-+0)

transition.

twetm the RD and the DSA result. The ratios have

errors of 5-11% and differ less than two standard

deviations from unity except for 16N(0.40 MeV) and
200(1.67 MeV), which deviate by 2.8 and 4.1 a, res-

pectively. Since for 1 80 in Mg, T agrees quite

well with T , we suggest that TRK of 2 00 is about

40% too long. The rather large value T =

3.58 + C.18 ps for 1BO(1) was also reported by this

group. If one assumes that averaging the numbers in

the last column is meaningful, one obtains a weigh-

ted average of 1.03 ± 0.02 if the ratio for 200(1)

is excluded.

We conclude that the two methods agree to about

5-10% with a slight tendency of somewhat longer li-

fetime results for the recoil-distance technique.

10

T r 1
2H('2C,PV) l3C 3-»0
3853 KeV Y-ray e ,

FIVE-CHANNEL -
AVERAGE

3800
I

3900
Ev(keV)

4000

CFig. 11. Gamma-ray Doppler patterns of the C(3-*0)

transition measured with Mg arid Au as stop-ping medium.

The results from the AX, Cu and Ag backing are in

between these extreme shapes.

1) M.A. van Driel et al., Nucl. Phys. A240 (1975) 98

2) M.A. van Driel et al_., Nucl. Phys. A272 (1976)

466

3) M.A. van Driel etal., Phys. Lett. 59B (1975) 336

4) G.A.P. Engelbertink et al_., submitted to Nucl.

Instr.

5) J.A.J. Hermans e£ a U , Nucl. Phys. A255 (1975)

221

6) D. Ward et al. (to be published)



Aerial view of the University Centre "De Ui-hof"

The nuclear physios department is located in the foreground (see layout on page 12 )



1.2. SPECTROSCOPY WITH (a,n) AND (p,n) REACTIONS

G. van Middelkoop, W.A. Sterrenburg and P. de Zoeten

The investigation of (ot,n) and (p,n) reactions

is attractive because these reactions may lead to

nuclei which are difficult to obtain otherwise.

Excited states are formed with their spins well

aligned, provided that the outgoing neutrons are

detected at 0 or 180° to the beam direction.

In our experiments neutrons are detected at 0 ,

in coincidence with y~rays, in a 5.1 cm long by

17.8 cm diam. cylindrical cell filled with NE 213

scintillator liquid. The neutron detector is

placed at a distance of 1.50 m from the tirget to

enable neutron time-of-flight detection. Gamma-

rays from the first few, well separated, excited

states are detected in an array of five 12.7 cm

long by 12.7 cm diam. Nal(Tl) detectors and, for

higher excited states, in two or three large vo-

lume (125 cm ) Ge(Li) detectors at variable

'ingles. The detector set-up with associated elec-

tronics is schematically shown in fig. 1.

NE 213

rom enoda

PSD TAC

stop
gat*

start

Fig. 1. The detector set-up and associated elec-

tronics, the latter shown for one y-ray detector

only, for ny coincidence and angular-correlation

experiments with the array of five Nal(Tl) detectors.

The neutron time-of-flight resolution is typi-

cally 3.5 ns (FWHM) with the scintillation detec-

tor array and 5.0 ns (FWHM) with the Ge(Li) detec-

tors. Gapnoa—gamma coincidences between the neu-

tron detector and the •y-ray detectors are suppres-

sed by means of pulse-shape discrimination in the

neutron detection channel. A typical neutron

1500-

Fig. 2. Coincident neutron time-of-flight spectrum

for the 30Si(a,ny)33S reaction at Ea = 10.2 MeV.

Tne y-radiation is detected with a Get Li) detector.

time-of-flight spectrum with y-ray detection in a

Ge(Li) counter obtained with the 30Si(ot,ny)33S re-

action at E = 10.2 MeV is shown in fig. 2.

The multi-parameter data are stored event by

event on magnetic tape through a CDC 1700 compu-

ter interfaced with the experiment.

Neutron-gamma angular correlations measured

with the 30Si(a,ny)33S reaction lead to three un-

ambiguous spin and parity assignments and a num-

ber of quadrupole-dipole mixing ratios . It is

noteworthy that the values of a. couple of mixing

ratios obtained from the present coincidence work

differ significantly from those quoted in the li-

terature for y-ray angular distribution measure-

ments with the same reaction but without a neu-

tron-gamma coincidence requirement. This implies

that the usual procedure for the analysis of an-

gular distributions, where population parameters

for the magnetic substates are obtained from the

statistical model, may lead to erroneous results.

Excited states of 27Si and their y-ray decay

were investigated with the 21*Mg(a,nY)27Si reacti-

on at bombarding energies of E « 10.6, 10.9,

15.5 and 16.4 MeV. A preliminary analysis yields

unambiguous spin and parity assignments together



with excitation energies, lifetimes and E2/M1

mixing ratios for some of the observed y-ray tran-

sitions; see table 1.

Table 1

27
Experimental results for Si

The excitation energy of this state was found

to be 4383.2 ± 0.6 keV. From the well known mass

excess of and the poorly known (± 25 keV)

excitation energy of the first J11 = 0+, T = 2

state in **°Ca one finds a mass excess for "*°Ti of

-9120 ± 150 keV from the quadratic mass equation.

The large error is entirely due to the uncertainty

in the excitation energy in ''"Ca.

2

2

2

2

3

4

4

4

5

5

E
X

780

957

163

647

866

909

805

282

448.

474.

282.

316.

(keV)

.4

.3

.7

.9

.0

.4

.2

.0

.1

.3

,7

,4

± 0.2

± 0.2

± 0.2

± 0.8

± 0.5

± 0.3

± 0.9

± 1.2

± 0.3

± 0.9

± 0.3

± 1.2

J

3/2*

7/2*

9/2*

11/2*

(7 /2 , 11/2)

-0.53 ± 0.07

+0.48 ± 0.03

500 ± 100

<30

a)
For ground-state transitions.

The energy of the firsc J71 = 0 , T = 2 state in

"•°K at 4378 ± 16 lceV [ref.2)] w a s determined pre-

cisely winh the 1(OAr(p,n7)'*0K reaction at E =

8.25 MeV. ïiroin ny as well as yy coincidence -mea-

surements with large-volume Ge(Li) counters it

was found that the main y-ray decay of this state

goes via the 2.290 MeV level. In fig. 3 the y-ray

spectrum coincident with y-rays from the

4.38 -> 2.290 MeV transition is shown. The insert

gives a neutron time-of-flight spectrum coinci-

dent with y-rays detected in a large Nal(Tl) de-

tector. The peak indicated with an arrow corres-

ponds to neutrons feeding the T = 2 state.

_jwzz<
I
U 10-
a.
u
a.

l 1 (

080-»Q03 4 3 e

2.290-»1.64 2.290 •
1.64^

0.80

0.03

5 0 0

0 100 0
FLIGHT TIME <NS)

O*:T*2

1(2) 2.290*0.80

0(1)

, 2"

1

Vf

3"

•

O.5 1.0
-EY(MeV)

Fig. 3. Gamma-ray speatrum coincident with the

4.38 •* 2.290 MeV transition in 40K obtained with

the 40Ar(p,ny)40K reaction at E = 8.25 MeV.

Between the y-ray peaks the average contents over

every ten channels is given. The insert shows a

neutron time-of-flight spectrum in coincidence with

y-radiation with E > 0.5 MeV.

1) W.A. Sterrenburg, G. van Middelkoop and F.E.H,

van Eijkern, Nucl. Phys. A275 (1977) 48

2) P.M. Endt and C. van der Leun, Nucl. Phys.

A214 (1973) 1



1.3. HIGH TRANSIENT MAGNETIC FIELDS IN Fe

A. Holthuizen, R.E. Horstman, J. van der Laan, G, van Middelkoop,
J.A.G. De Raedt, Marian Rota, A.J. Rutten and P.C. Zalm

Nuclei recoiling in magnetized Pe experience

during their slowing down strong so-called tran-

sient magnetic fields, which are aligned with the

external polarizing field . Thesfr fields were be-

lieved to be caused by the scattering of (polari-

zed) electrons of the Fe by the moving ion of the
2)

nucleus . Transient fields are used for the de-

termination of nuclear g-factors of short-lived ex-

cited states by the measurement of the time-inte-
3 4)gral spin precession angle [see e.g. refs. * ].

-150

-100

RECOIL VELOCITY V/Vn

Fig. 1. Integral precession angle per unit g-faotov
PR op Ci? 7 Qfi

for Si, Ne, Fe and Pt in magnetized iron
po op

as a function of the ion velocity. The Si and fie

data were measured in Utrecht, the Fs and Pt

data are from elsewhere; for references see ref. .

The solid lines correspond to a transient field

strength proportional to v. The dashed-dotted curve
28for Si représenta the values calculated by

p 1 op

Lindhard and Winther . The dashed line for Si

was computed with the atomic model for polarized

electron capture (PEC). For further details see

ref.6).

According to the theory of Lindhard and Winther
2)

[ref. ] these fields are inversely proportional to

the ion velocity v for v > v (v «= c/137). Recent

experiments [see e.g. "efs.S-?)] at ion velocities

v >> v have shown, however, that the transient

field strengths are roughly proportional to v,

rather than inversely proportional. Fig. 1 displays

the results oi measurements in this laboratory on
28Si and 22Ne and of measurements performed else-

where on 56Fe and 196Pt. This velocity dependence

may be explained, as originally suggested by Bor-

chers et_ al_. , by loss and < ipture processes of

2s or Is electrons of the moving ion in which the

degree of polarization of M and N electrons of the

Fe is transferred to unpaired 2s or Is electrons of

the ion 5' 6>.

In order that these high average fields (=1000 T

for 2BSi in Fe at v = 7 v ) can be applied in fur-

ther g-factor measurements, these fields must be

known as a function of recoil velocity. Therefore

a number of transient field me;surements was perfoï-

med.

The experimental set-up is essentially identical
4)to that described in ref. except for the thin Fe

polycrystalline target backing. Presently, in most

cases target", are deposited on a 1 mm thick single-

crystal iron frame, which can be magnetized with a

very small external magnetic field so that beam-

bending effects "*' are negligible . This appreci-

ably reduces the measuring time.

Measurements on the first-excited 2 states of
12C (at v/c = 0.030), 20Ne (at v/c = 0.038, 0.043

and 0.057) and 21tMg (at v/c = 0.028 and 0.056) were

performed. A preliminary analysis indicates that

the measured effects for z0Ne are all about a fac-

tor of two lower than expected on the basis of the

systematics of the transient field [see empirical

relation in ref. ].

In order to ensure that the single Fe crystal

was functioning properly, the surface magnetization

of the crystal was measured periodically by means
9)of the magneto-optical Kerr effect . Fig. 2 shows

a magnetization curve on a spot that has been used

several times in an experiment. The magnetization

is probed to a depth of 0.01 um. The crystal was

further checked by remeasuring fhe precession for
28Si(2|) at v/c = 0.025. This check was also satis-



factory. Finally, the precession for the 20Ne(2])

state at v/c = 0.057 was remeasured with a target

on a polycrystalline backing with a high external

field (0.1 T). The effect was equal to that measu-

red with the single crystal.

The tentative conclusion at present is that the

transient field at a given velocity is roughly pro-

portional to Z for Z = 10-14, where Z is the ato-

mic number of the ion. This can be understood qua-

litatively as follows. The hyperfine interaction

due to an unpaired polarized electron in a certain

s-shell of the ion is proportional to Z and the

ion velocity at which one has maximum probability

for a single vacancy in this s-shell is proportio-
2

nal to Z. Therefore one would expect a Z behaviour

of the field strength in a narrow range of Z.

For Z i 8 and Z = 26 lower and higher s shells

are polarized, respectively, at the same velocity.

Hence one should observe shell effects in the Z de-

pendence. This indeed seems to be the case when one

compares the different Z regions.

The velocity dependence of ths field for a

certain Z is linear up to v/c = 0.06 for Z = 10-14.

The consequences of the simplifying assumption

of equilibrium throughout the electron exchange

processes ' were also further investigated. In

the simple model used to describe the s-shell po-

larization it was assumed that only single elec-

tron loss and capture occurs and that the polari-

zation is due to capture only. The resulting

coupled differential equations were solved exactly

in a realistic case, i.e. with varying capture and

loss cross sections. The solution indicates that

very high fields may also occur in the non-equili-

brium case (i.e. when the cross sections vary ra-

pidly) . Hence such fields may depend strongly on

the initial conditions.

SURFACE MAGNETIZATION

-1OO -50 O 50
AMPERETURNS

1OO

Fig. 2. The magnetization curve for a single-crystal

iron frame measured with the magneto-optieal Kerv

effect.
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1.4. A PRECISION g-FACTOR MEASUREMENT ON 22Ne(2+)

R.E. Horstman, G. van Middelkoop and P.C. Zalm

Nuclear g-factors of excited states with life-

times in the ps range can be measured with the re-

coil-distance technique. For this purpose heavy-

ion reactions are used to obtain a sufficiently

large fraction of single-electron ions after re-

coil of the nuclear-excited ions through a thin

target into vacuum. The strong and well known hy—

perfine interaction in a hydrogen-like ion can be

observed time-differentially by means of a plunger

[ref. ]. Usually non-zero fractions of (excited)

two-electron and three-electron ions complicate the

measured time-differential spin deorientation as

was observed recently in this laboratory for

2"*Mg(2*) and 20Ne(2|). In these measurements large

fractions of excited two-electron ions were found,

which yield a hyperfine interaction comparable in

strength to that of hydrogenic ions in the ground

state. None the less, precise values for the g-

factors could be deduced as well as values for the

fractions of some of the ionic configurations.

The g-factor of the 5 ps first-excited 2 state

of 22Ne at 1.27 MeV was measured with the

ItHe(19F,p)22Ne reaction at E(19F) = 40.6 MeV on a

''He(Ni) target . Four independent coincidence

measurements (see fig. 1) yield mutually consistent

values for the g-factor. The average value is |g| =

0.326 ± 0.012. The mean life of the 1.27 MeV state

was determined simultaneously and was found to be

T = 5.2 ± 0.3 ps.

The fractions of single-electron ions and of

excited two-electron ions were found to depend on

the thickness of a carbon contaminant layer

through which the 22Ne ions recoiled into vacuum.
o

Targets with a carbon layer of 5 ug/cm produced a

small fraction of single-electron ions and a large

fraction of excited two-electron ions, whereas a

target with 15 yg/cm showed the opposite: a large

fraction of single-electron ions and a small frac-

tion of excited two-electron ions; see also fig. I.

These marked differences may be attributed to

the fact that the loosely bound 2s or 2p electrons

of the excited He-like ions coming out of the Ni

foil are stripped off in a sufficiently thick C

layer.

0.5

TIME OF FLIGHT t [ps]
O 2 4 6 6 M 12 . 0 2 4 6 8 10 12 14

0.1
O 50 100 150 200'O 50 100 150 2OO

FLIGHT PATH [jim]

22
Fig. 1. Time-differential deorientation for
nuclei recoiling through a Ni foil in vacuum at
v/a = 0.048. In experiment 1 the nuclei recoiled

2
through an additional IS vg/cm C layer, whereas in

2
experiments 2 and 3 these C layers were only 5 \ig/cm .

2
In the last experiment the C thickness was 10 vg/cm .

The solid lines are least-squares fits to the experi-

mental data.
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2. RESEARCH WITH THE 4 MV ACCELERATOR
= = = = = = = = = = = = = = = = • = = = = = = = = = = : = = = = = = = = = = = ;

2.1. CAPTURE REACTIONS

R.J. Elsenaar, C. van der Leun, J.W. Maas, G.J. Nooren, P.J. Sparks,
R. Verbey, C.A. van den Wijngaart aid P. de Wit

Capture reactions have maintained cheir positi-

on as one of the most prolific sources of spec-

troscopie information by the introduction of

large Ge(Li) detectors. The work described below

has been performed with detectors of 120, 80 and

60 cm . Recently the 80 cm detector has bean

equipped with a Nal shield such that it can be

used both as a Compton-suppression- and as a

pair-spectrometer. The high-resolution low back-

ground spectra make it possible to measure angu-

lar distributions of weak decay branches. In many

cases these relatively simple angular distributi-

on measurements provide more information on

spins and parities than could be deduced from

more elaborate angular correlation and polariza-

tion measurements in earlier days.

Most of the work has been carried out with L.

Laben-70 computer, which is now being replaced by

a PDP 11/40.

The following reactions have been studied.

13C(p,Y)1'tN. The recommended upper limit (RUL)

for isospin-forbidden Ml transitions in A < 45

nuclei is 30 mW.u. . Recently the lifetime of

the 5.96 MeV, J* = 1~, T = 0 level of lhK, which

decays (3.7 ± 1.4)% to the 5.11 MeV, j" = 2~,
2)

T = 0 state , has been measured as T = 10 ± 2
3) m

fs " . This would imply an isospin-forbidden Ml

transition of 600 ± 250 mW.u., exceeding the RUL

by a factor of 20, and thus seriously impeding

the practical value of the RUL.

A remeasuremeut of the relative intensity of

the 5.69 -* 5.11 MeV branch at the E = 551 keV

1 3C(P,Y) 1 I (N resonance, however, leads to an

upper limit, for this branch of 0.19%, which cor-

responds to 30 mW.u.

26Mg(p,y)27Al. Measurements of the ydecay and

angular distributions at eight resonances with

E < 1 MeV lead to the spin and parity assign-

ments j" = 3/2+, l/2~, 3/2~, 5/2+, 5/2, 3/2~,

3/2", 9/2~ and 7/2 for the bound states of 27A1

at E = 3.96, 4.05, 5.15, 5.25, 5.44, 6.IÓ,

6.99, 7.23 and 7.47 MeV, respectively.

Information has also baen obtained on preci-

sion excitation energies, branching and mixing

ratios, lifetime limits, level widths, resonance

energies and strengths. A small part of the

resonance curve, the E = 809 - 810 V.eV doublet
P

as measured with a varying voltage on the target

is displayed in fig. 1. The reaction Q-value is

Q = 8 271.0 ± 0.5 keV.

The level and decay schene of 2 7A1, completed

with these new data enables a detailed compari-

son with the results from recent shell-model

calculations.

1OOO-

500-

809 81O 811
-Ep(keV)

P7
) A

Fig. 1. Held curve of the Mg(p,y) Al reaction

measured with a varying voltage on the target. The

resonances have energies of E - 809.24 + 0.35 and

809.94 + 0.05 keV.

The decay scheme of the strong resonance at

E = 1966 keV has been studied in detail with the
P
Compton-suppression spectrometer. The spectrum

contains a number of strong lines which -once

their relative intensities have been determined

precisely- can he used for a quick determination

of the efficiency curve of Ge(Li) detectors and

especially of the Compton-suppression spectrome-

ter. A spectrum of this resonance is shown in

fig. 2.
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27Al(p,y)28Si. With the new precision analysing

magnet the energies of 47 resonances in the range

E = 0 . 5 - 2 . 1 MeV have been determined with an
P -5

accuracy of 5 x 10 . Precision measurements of

the excitation energies of 28Si levels with the

anti-Compton spectrometer, combined with the abo-

ve resonance energies, lead to a reaction energy

of Q = 11 584.5 ± 0.4 keV.

3i|S(p,Y)35Cl. With Aç,S targets 84 resonances

have been observed in the range E = 2 - 3 MeV.

There are many strong, sufficiently isolated re-

sonances that are suitable for populating bound

states of interest in ̂ SC1. A combination of pre-

cision proton and y-ray energy measurements leads

to the reaction Q-value of Q = 6371.6 ± 0.4 keV.

The commonly accepted energy of the often used

calibration resonance at 1214 keV is off by more

than 2 keV; the present value is E = 1211.45 ±

0.09 keV. Angular distribution measurements at

four resonances lead to the assignments J • 3/2 ,

7/2+, (1/2, 3/2) and 7/2" for the levels at E x "

3.92, 4.11, 4.85 and 5.16 MeV, respectively.

Branching and mixing ratios have been obtained

for the decay of the states at E - 3.92, 4.11,
4)4.35 and 5.16 MeV. These data can be compared

with published intermediate-coupling and shell-

model calculations, providing information on the

main configurations of these states.

39K(p,f)''0Ca. An introductory measurement of the

resonance curve in the range E = 2 . 0 - 3 . 8 MeV

exhibits useful structure also at the higher pro-

ton energies. At least 20 resonances occur in the

range E = 2 . 8 - 3 . 8 MeV, which has not been in-

vestigated previously.

21*Mg(a,Y)28Si. A comparison of corresponding
27Al(p,Y)28Si and zl)Mg(a,Y)28Si resonances leads

to resonance energies with the hitherto unknown
—4

precision jf 10 for the 33 observed (a,y) reso-

nances in the range E = 1.5 - 3.8 MeV; six of

these resonances have not been observed previously.

Angular distribution measurements yield J values

for the resonances and j" » 3 , T » 1 for the

bound state at E x » 10.38 MeV of
 28Si. On the

basis of a critical review of arguments for T-

assignments, T = I character could be assigned to

19 states of 28Si.

1) P.M. Endt and C. van der Leun, Nucl. Phys. A235

(1974) 27

2) C. Ruiz et_ al^., Bull. Amer. Phys. Soc. J_9

(1974) 432

3) M.J. Renan e£al_., Nucl. Phys. A193 (1972) 470

4) R.J. Sparks, Nucl. Phys. A265 (1976) 416 and 429



2.2. RESONANT ABSORPTION AND FLUORESCENCE

R.J. Elsen^ir, H.D. Graber, fi.J.A. Juta, H. Lancman, C. van der Leun,
J.U. Maas, G.J. Nooven, R.J. Sparks and A.P.M. van 't Vestende

ABSORPTION

In the classical experiments on resonant ab-

sorption of Y-rays from (p,y) reactions [see e.g.

ref. ] , the radiation was always absorbed in the

same nucleide, and excited the same resonance

level, as that emitting the radiation. Last year

it was for the first time successfully demonstra-

ted that it is possible to excite nuclear states

(also bound states) by absorption of y-rays emit-

ted by the decay of a (P,Y) resonance in a diffe-
2)

rent nucleus . In this experiment the 7.06 MeV

level of 208Pb was excited by y-rays from the E =

1974 keV resonance in the 3 I |S(P,Y) 3 5C1 reaction.

This cross-excitation method is suitable for mea-

suring lifetimes of bound states in the range

T = 1 as - 1 fs.
m

In the experiments discussed below, the slit-

system was positioned under computer-control

(Laben-70) by a small-step motor allowing a pre-

cision exceeding 0.01 .

1 1B. The very strong E =1417 keV resonance in

the 23Na(p,Y)21tMg reaction, with (2J+l)r T IV =

38 ± 10 eV, decays 93% to the second excited state

of 2"*Mg, providing an intense 8925 keV y-ray in an

unusually clean spectrum. This y-xa.y has been used

to excite the 8.92 MeV level of n B at the

slightly backward angle e = 93.3°. In this case

the high yield obviated the usual precise energy

calibrations. The dip could easily be located in a

trial run notwithstanding the fact that the 60 cm

Ge(Li) detector was placed at a distance of 30 cm

from the target and was shielded by lead bricks

except for the 1 mm wide slit filled with boron

powder.

A preliminary analysis gives a width of r =

1.9 ± 0.3 eV, a factor of 2.5 lower than the va-

lue found from two independent inelastic electron

scattering experiments .

2 8Si. The precision energy measurements described

in the section on capture reactions indicated

that the transition from the E = 1684 keV
p

27Al(p,Y)28Si resonance level to the first-excited

state could be used to excite the semi-bound J =

1+, T = 1 level of 28Si at E x « 11.45 MeV. The

measured absorption integral implies a width of

r = 9 ± 2 eV, again considerably lower than the

values F = 23 ± 4 eV and 21 ± 4 eV obtained from

resonance fluorescence and electron scattering,

respectively, suggesting some sort of systematic

discrepancy.

35C1. Ground-state radiation from the E - 2.79

P

MeV 3 1*S(P,Y) 3 5C1 resonance was used to excite the

same resonance level, at 9.08 MeV, in a classical

resonant absorption experiment. The transmission

as a function of the collimator angle is given in

fig. I. Analysis of these data leads to a resonan-

ce width of r = 65 + 20 eV and r - 2.3 ± 0.4 eV.

These data can be reconciled with the resonance

strength measurements, if the strength of the ca-

libration resonance at E «1.21 MeV is taken as

(2J+l)r r /r « 9.7 ± 0.7 eV 4 \ as compared to
p y 5^

21 ± 3 eV found in previous work .
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Fig. 1. Intensity of the 9.08 MeV y-rays from

34S(p,y)3SCl at E = 2.79 MeV transmitted through

a CCI -NaCl absorber plotted vs the collimator

angle.

FLUORESCENCE

The kinematically broadened 6.92 and 7.12 MeV

lines from the reaction 19P(p,ay)16O, which have a

width of about 130 keVat E - 2 MeV, have been

used in resonance fluorescence experiments. Though

the set-up was built originally for measuring pre-

cise excitation energies (a prerequisite for the

resonai.t absorption measurements described above),

it has also been used to measure several transition

strengths.

V
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'• 6O(Y,Y) 1 6O. TO check the procedure, the partial

widths were measured of the 6.92 and 7.J2 MeV

states of 1 6 0 . Our values of r = 9 4 + 1 0 and
o

60 ± 10 meV, respectively, are in good agreement

with previous determinations .

5'tFe(7,Y)5''Fe and 208?b(Y,Y)
208Pb. The results of

these experiments have been published in refs.
2)

and ', respectively.

10)

23Na(y,y)23Na. Large discrepancies occur in the ex-

citation energies of 23Na levels at E -7 MeV as

deduced from (Y,Y) and (p,Y) work [refs. ' ]. Our

preliminary values are E = 7066 ± 2, 7084 ± 2 and

7135 ± 2 keV. A level at E = 7156 ± 2 keV, repor-
7) X

ted in ref. , does not exist.

"°Ca(Y,Y)'t0Ca. The 6.95 MeV (!~, T = 0 -»• 0 +, T = 0)

ground-state transition in ''"Ca is the strongest

known isospin-forbidden El transition in nuclei

with A < 45. The unusual strength, which is based
9)on a single experiment , has been questioned on

the basis of recent electron scattering data. It

was therefore decided to remeasure the strength in

a resonance scattering experiment. A partial width

vas found of T = 0.41 ± 0.08 eV, in agreement with
0 9)

the previously published value.
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6) F. Ajzenberg-Selove, Nucl. Phys. (to be publ.)
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3. NEUTRON CAPTURE GAMMA-RAYS

3.1. POLARIZED-NEUTRON CAPTURE

J.R. Balder and R. Vermink

Table 1

Spins of p-states in "*3Ca, " C a , 59Fe and 65Ni as

determined from polarized neutron capture. The spins

of states marked with an asterisk were already known

from previous work

^ c
E (keV)

593 *

2046

2611

2878

2944

3286

3573

4207

4902

59 F e

E (keV)

*
0

287

728

1162

1921

1965

a

J*

3/2"

3/2"

1/2"

1/2"

3/2"

3/2"

3/2"

1/2"

1/2"

3/2"

1/2"

3/2"

3/2~

3/2<")

1/2"

Ex(keV)

1435 *

1900 *

2247

2842

3242

3419

4616

65 N i

E (keV)

64 *

31!

692

1418

J*

3/2"

3/2"

1/2"

3/2"

3/2*'

1/2"

1/2"

1/2"

3/2"

3/2"

1/2"

The circular-polarization set-up at the high-

flux reactor in Petten has been used to determine

spin values of energy levels. After capture of s-

wave polarized neutrons, circular polarized y-ra-

diation is emitted. A polarization analyser, based

on the principle of Compton scattering, causes an

asymmetry in the intensity of the emitted radiati-

on. The measured asymmetry R is compared to the

theoretical value. Because the target nuclei used

in this work are doubly even and the studied states

are known to have J =1/2 or 3/2 from (d,p) work,

R can take the values: R = +1.0 or -0.5 for final

states with J* = 1/2 or 3/2 , respectively.

The "CaCn.Y^Ca, '*'tCa(n,Y)lf5Ca, 58Fe(n,Y)
59Fe

and 6<tNi(n,Y)65Ni reactions have been investigated

with the results given in table 1.

Isotopically enriched targets of the doubly even

nuclei *36Ba and 138Ba were also studied. As yet,

two levels in 137Ba and two ii 139Ba could be given

a definite spin assignment (see table 2).

Table 2

Spins of p-states in 137Ba and 139Ba

as determined from polarized neutron capture

l " B a

139Ba

E (kev)

2179

2646

627

1082

R-value

-0.48 ± 0.06

+1.3 ± 0.2

-0.41 ± 0.04

+0.84 ± 0.09

J*

3/2"

1/2"

3/2"

1/2"

Work performed at the Energy Research Centre (ECN), Petten, The Netherlands
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3.2. NEUTRON-CAPTURE GAMMA-RAYS STUDIED WITH A PAIR SPECTROMETER

J. de Boer and H. Seyforth **'

The vue of a thre«-crystal y-ray spectrometer

operated in pair-mode reduces the number of lines

in a high-energy spectrum to one third, i.e. the

double-escape peaks. Some authors have shown the
1 2)

power of this technique in thermal neutron ' and
3)even in the case of resonance neutron capture ,

where low y-ray intensities are encountered.

The system consists of a split 25 cm x 23 cm 0

Nal(Tl) crystal used as annulus around a central

Ge(Li) detector (double open end, true coaxial). It

is shielded by 10 cm and in the directions towards

the target, by an additional 15 cm of lead. In order

to suppress the full-energy and single-escape peaks

arising from triple coincidences from consecutive

y-rays and, in the second case, one 511 keV escape

quantum, one has to ensure by appropriate collima-

tion that no direct y-rays reach the Nal(Tl) scin-

tillators. The electronics consist of (i) a fast

triple coincidence (gate width 30 ns), (ii) gates

(v 120 keV width) put on the 511 keV lines from the

scintillators, (iii) a slow coincidence (gate width

200 ns) using the two energy and the fast coinciden-

ce requirements. With z^*Th and ^8Y sources the ra-

tio of the double-escape efficiency in pair- and

single-mode was determined to be (39.8 ± 0.2)% com-

pared to the calculated value of »40%. The

double-escape peak efficiency of the whole system

was measured using the accurate y-ray intensities
4)determined by Spits and Kopecky from the

35Cl(n,Y) reaction. The relative double-escape peak

efficiency of the system is shown in fig. 1. The

ENERGY6(°MeM '

Fig. 1. Relative double-escape peak efficiency

obtained from the Cl(n,y) data using the inten-

sity values of vef. .

three-crystal response function differs strongly

from that of a single Ge(Li) detector. The almost

flat continuum (fig. 2) on the low-energy side of

the peak is mainly caused by electrons and positrons

escaping from the Ge(Li) detector and strongly de-

termines the peak-to-total ratio. This ratio, cal-

101-

7800 E.CkeV) 8°°°
o

Fig. 2. Typical peak shape obtained with tlie

three-crystal system.

culated for the strong peaks, agrees well with the

measured values . The high-energy tail is caused

by 511 keV quanta, which through Compton scattering

leave part of their energy within the Ge(Li) crystal

and nevertheless fit into the energy window put on

the 511 keV line in the Nal(Tl) detectors. The high

sensitivity of the system is evident from the 7925

keV y-ray line, which corresponds to a 0.48% prima-

ry transition to the first excited state in 6sZn at

53.8 keV in comparison to the very strong 7863 keV

primary transition (47.8%) to the second excited

state at 115.1 keV.
6>t,66,68 65,67,69

The nuclei produced in the Zn(n,y) Zn

reactions are of interest since in the covered mass

region the correlation between the El primary transi-

tion probabilities in the (n,y) reaction and the

(d,p)-spectroscopic factors for neutron angular momen-

tum transfer 1 -1 is known to disappear with in-

creasing neutron number. The (d.p)-reaction work

and circular-polarization measurements on the primary

(n,y) transitions have shown thac only a few

strong El transitions exist and that a great number

of weak Ml and mixed M1/E2 transitions have to be

expected.

' Work performed at the Institut für Kernpliysik, Jiilich, Germany

' Address: Institut fur Kernphysik, Julich, Germany
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Fig. 3. The y-depopulation of the thermal-neutron

capture state in Zn (only transitions of y-ray

intensities >0,47, are shown).

The pair spectrometer is well suited to investi-

gate these high-energy Y-ray spectra because of its

high sensitivity. Therefore the primary spectra

fron the reactions 61>'66'68Zn(n,Y) have been mea-

sured. Targets of 350 to 500 mg ZnO in the different

isotopes (each enriched to >99%) have been used. A

preliminary result for the y-decay scheme of the

capture state in 65Zn is presented in fig. 3. Only

transitions are shown which have f-ray intensities

>0.4%. Until now 32 transitions were found, 9 of

which were already known . The arrangement in the

level scheme is based on the knowledge of excited

states and on intensity balances with known or

possible secundary transitions to well established
9)

levels belcw the 1.5 MeV excitation energy .

1) B. Michaud, I. Kern, L. Ribordy and L.A. Schaller,

Helvetica Phys. Acta 45_ (1972) 93

2) L.M. Sollinger and G.E. Thomas, Phys. Rev. Cf̂

(1972) 1322

3) M.L. Steltz and J.C. Browne, Nucl. Instr. J_33_

(1976) 35

4) A.M.J. Spits and J. Kopecky, Nucl. Phys. A264

(1976) 63

5) J. Kopecky, private communication

6) D. von Ehrenstein and J.P. Schiffer, Phys. Rev.

164 (1967) 1374; erratum Phys. Rev. YQ (1968) 1174

7) J. de Boer, Proc. 2nd Int. Symp. Neutron Capture

Gamma Ray Spectroscopy and Related Topics, Septem-

ber 2-6, 1974, Petten, The Netherlands. Edt.: RON

Petten (1975) p. 609

8) I.F. Barchuk e_t al_., So . J. Nucl. Phys. J_l̂  (1970)

519

9) R.L. Auble, Nucl. Data Sheets 16 (1975) 351
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4. THEORY
== =======;

P.J. Brussaard, H. van Deukeren, F.E.H. van Eijkern, P.W.M. Glaudemans,
A.G.M. van Hees, A.U. Kolfschoten, I.E. Koops, F. Meurders, G.A. Timmer,

P. Smv^t, H.F. de Vries and P.C. Zalm

1,2)

Calculations with the shell model have been

concentrated mainly on nuclei in the middle of the

sd shell (A = 24-32), the middle of the fp shell

(A = 54-68) and on the doubly even isotopes of Zn

and Ge. In most of these calculations the model

space was kept rather small (orders up to 300)

with a truncation based on the energies of the un-

perturbed states. Several interactions were inves-

tigated, each of them optimized such that the ex-

perimental energies were reproduced as well as

possible.

For the sd-shell nuclei it was observed

that a rather small adjustment of the two-body

matrix elements derived from the surface delta in-

teraction (SDI) was sufficient to obtain a much

better agreement with the experimental energies.

The resulting interaction, called ASDI, did also

substantially improve the reproduction of experi-

mental spectroscopie factors (see fig. 1) and

electromagnetic transition rates.

An important improvement in judging the agree-

ment between theory and experiment for electro-

magnetic transition rates was obtained by the in-

troduction ot a method developed to roughly es-

„ 60-

05 10
» SEXp(mm)

15 2.5

Fig. 1. The average relative deviation

with N denoting the number ofN il' th exp" exp
experimental S-factors S

exp
and S , the calcula-

ted S-values, giuen as a function of the lower

limit S (min). FOÏ> the latter all contributions

from cases with experimental S-values lower than

S (min) are omitted. The dashed line shows the

number of cases with S > S (min),
exp = exp

timate the errors of the calculated values. It was

found that the errors assigned to the theoretical-

ly calculated transition rates could be related to

the extent of agreement with experiment for the

energies of the corresponding states.'An example

for 2<4Mg is given in fig. 2.

i »e — | 2ft- -ÏI 14— 9

43 aj:a 17-3 (-190 :

- ÎOÎS OS7 — i» 74 -

•OO1 -

i I I

—JOOÏ007P»*1 O 10 — lOO * —

EXPERIMENT
"Mg

Fig. 2. Comparison between theory and experiment
24for Mg. The value tsE, represents the difference

between the experimental and calculated energies.

The calculated results are obtained with ASDI wave

functions, bare-nucleon Ml single^partiole matrix

elements and an isoscalar effective charge of 2.IS e.

urvors larger than the value itself are omitted.

As a further step the experimental data on elec-

tromagnetic properties were also used to improve

the wave functions. The latter approach, although

not exploited in detail yet, suggests ' that again

only rather small modifications of the two-body

matrix elements are needed to considerably improve

the agreement between theoretical and experimental

electromagnetic transition rates.

An example of the results ' with SDI and ASDI

two-body matrix elements for the A = 57-68 isoto-

pes of Ni and Cu with the assumption of a closed
56Ni core is shown in fig. 3. Preliminary results

on electromagnetic properties indicate that yrast

levels are rather insensitive to the interaction,

such in contrast to higher-lying states where the

ASDI matrix elements are superior. This investi-

gation of fp-shell nuclei is being extended with
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the inclusion of core-excited states. The ap-

proach is applied first to the isotopes of Fe, Co

and Ni in the A = 51-57 mass region tjking into

account selected states with a maximum of four

holes in the lf_ ,, shell and particles in the

2 p3/2' lf5/2 a n d 2pl/2 o r b i t s-

The present results for the spectra of 55Fe and

5^Co are shown as an example in figs. A and 5. It

is seen that at least the lowest ten states in both

nuclei are rather well reproduced.

MeV

1 O

0 5

-o
-4
- 1* 0 9S- - 0,2 )

• 3.
-2

- 2 '

076-
073-
070-
0 6B-
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064-

0 5 5 -

-(2)
- 2'
- (2 3)"
"(3)'
-(2)
- 1*

-O
"2

MSDI

- 2
"1
. 1 *
"2 '

ASDI

Fig. 3. A comparison between the calculated and

observed level scheme of Cu. The experimental

levels marked with a dot have been used for the de-

termination of the interaction matrix elements.

A different approach was considered for the

doubly-even isotopes of Zn and Ge, where the di-

mensions of the appropriate model spaces grow pro-

hibitively large for a shell-model calculation in

particular if a 't0Ca core is used. Quasiparticles

were constructed from the ( l f ^ ) , 2p 3^, lf5/2>

2pj ,_ and lg ., orbits for a ''"Ca as well as a

56Ni core. No more than two quasiparticles were

coupled to quadrupole oscillations of the core.

The spectra, E2 transition rates and moments, cal-

culated for the Sussex interaction plus pairing

force, were in reasonable agreement with the expe-

rimental data, except for the low-lying 0 states.

5 5 Fe
26re29

9/2-
5/2"
3/2"
9/2'
7/2"
7/2"

1.92

1.41 712'//

3/2'

5/2"

1.32 7/2'/

0.94 1/2'

0.41

3/2' 3/2-

EXP SDI

Fig. 4. A comparison between the calculated and

observed spectrum of Fs. For the calculated

spectrum the SDI two-body matrix elements are used

and up to four

2.37

fn/* holes have been considered.

2.22

2.O6
1.93

1.72

1.45

«.11
1.01
0.97

O.83

0.58

0.16

(3*) \ * _ -

(2*)

(3*)- " *V

0*

5+

4+

• " • ^

/ •

_ _ _

3 1 *

3*
2+

6+

5 +

4 +

0 *

2*
5 *

3+

A*

EXP SDI

CO

CFig. 5. The spectrum of Co. See also caption of

fig. 4.
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For comparison a shell-model calculation was per-

formed for an inert 56Ni core in a truncated con-

figuration space of 2p3^2, lf5/2»
 2P]/2 a n d lg9/2

orbits. The agreement with the experimental data

was somewhat less satisfactory than for the quasi-

particle calculation.

In a separate study quasi-rotational states in

doubly even nuclei were considered in the rotati-

onal invariant core model. It was shown that the

electric quadrupole moments of such states can be

related to the moments of inertia without detailed

assumptions on the nuclear matter distribution. 'If

the moment of inertia is related to the excitation

energies with the use of the common I(I+])-rule, a

relation between the two experimental observables

is obtained. This relation was tested for about 90

experimentally determined quadrupole moments and a

goodness-of-fit of x =1.1 resulted.

As the nuclear SU(3) model may provide the

means for a shell-model tiuncation procedure, the

reductions U(6)[sd shell] •* SU(3) and

U(10)[fp shell] + SU(3) were considered. Tables

fcr these reductions were calculated. The break-

down of j-j coupled shell-model wave functions ac-

cording to SU(3) representations was performed for

the two-particle states of 1 80 and 18F only.

Finally we are happy to announce that the ma-

nuscript of the book "Shell Model Applications in

Nuclear Spectroscopy" by P.J. Brussaard and P.W.M.

Glaudemans was submitted to the North-Holland

Publ. Co. The book will appear summer 1977.

1) F. Meurders, P.W.M. Glaudemans, J.F.A. van Hie-

nen and G.A. Timmer, Z. Physik A276 (1976) 113

2) F.E.H. van Eijkern, G.A. Timmer, F. Meurders and

P.W.M. Glaudemans, Z. Physik A278 (1976) 337

3) G.A. Timmer, Thesis, Utrecht University (1976)

4) J.E. Koops and F.W.M. Glaudemans, Z. Physik (to

be published)

5) K.F. de Vries, Thesis, Utrecht University (1976)
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The low-energy end of the 7.5 MV accelerator
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5. REVIEW ACTIVITIES

P.M. Endt and C. van der Leun

21-44

In 1973 our fifth review appeared on the pro-

perties of A = 21-44 nuclei. Since then, the ex-

traction of data for a sixth edition has continued.

Writing on this edition has started in the fall of

1976 with the result that A = 21 is now being typed.

The new version will show some substantial dif-

ferences compared with previous ones. Most impor-

tant might be the addition of tables containing the

arguments for J7' assignments. At the end of each A-

value isospin multiplets are presented in tabular

form and a discussion of the shell-model properties

of some states. Arguments for T-assignments have

been critically reviewed, and a division has been

made between "strong" and "weak" arguments.

Spectroscopie factors. Measured spectroscopie fac-

tors for single-nucleon transfer are in notoriously

poor mutual agreement. For final nuclei in the A »

21-44 region some 180 papers have been scanned.

Questions as to the normalization were solved by

sending out questionnaires to the authors. By redu-

cing all data to the same set of normalization con-

stants, it turns out that a) this set yields inter-

nally consistent results; for example the S-values

for equivalent reactions, as (d,n) and (^He,d), are

equal; b) to measured S-values an experimental

error of 25% can be assigned.

4)Where possible, results have been averaged so

as to produce a "best set" of S-values (with errors

given) for comparison with theoretical calculations.

Gamma-ray strengths. In two previous review papers
2 3")

[refs. ' '] the strengths have been listed of y-ray

transitions between bound states in A < 45 nuclei.

The main purpose of this exercise was to arrive at

"recommended upper limits" (RUL's), which are now

widely used. Input data for some transitions of un-

usual strength have been checked both in Utrecht

and elsewhere.

The literature scan for new strengths has been
31

kept up, and the 1974 total of 950 transitions

with known strength has now grown to well over 1300.

So far it is not necessary to revise the RUL's.

1) P.M. Endt and C. van der Leun, Nucl. Phys. A214

(1973) 1 and A248 (1975) 153 (erratum)

2) P.M. Endt and C. van der Leun, Atomic Data and

Nuclear Data Tables _T3 (1974) 67

3) P.M. Endt and C. van der Leun, Nucl. Phys. A235

(1974) 27

4) P.M. Endt, Atomic Data and Nuclear Data Tables

(to be published)

25
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6. EXPERIMENTAL EQUIPMENT

F. Boomstva, A.M. Hoogenboom, C.M. Prins, B.A. Strcusteva, A. Vermeer
P. de Wit and N.A. van Zwol

THE TANDEM ACCELERATOR

The tandem Van de Graaff accelerator (HVEC EN)

has been in operation since the autumn of 1968 for

more than 40,000 hours. In the graph of fig. 1 the

development of the yearly working hours is shown-

In the first two years only experiments with light

ions (p, d, 3He and a) were performed, but after

1970 the interest shifted to the heavy-ion work.

Presently about 80% of the time is used for the ac-

celeration of heavy ions.

4 000-

HOURS1 WORKING HOUR

' 6 8 69 70 71 72 73 74 75 76
•YEAR

Fig. 1. Yearly working hours of the tandem since 1968.

In the course of time various improvements of

the accelerator resulted in an increase of the max-

imum terminal voltage from 6MV to 7.5MV. A consi-

derable improvement resulted from the replacement

of the original composite resistors (HVEC yellow)

by metal oxyde resistors (HVEC blue). The latter are

provided on each end with a disc-shaped spark gap.

These spark gaps suppress surge voltages across the

resistors. To further reduce the impedance between

the end of the row of spark gaps and the tank wall,

shorting cables were installed directly between the

end of each row of spark gaps and the tank base on

both the low-energy and high-energy ends of the ma-

chine. During six years of operation none of the

new resistors needed replacement.

After a serious damage of the belt motor, due to

sparks on its wiring, the cables were shielded by a

well-grounded thick-walled copper box and the thy-

rites were moved from the baseplate to a point

close to the motor. Since the cable damage was ap-

parently induced by the high-frequency electric

field generated through column breakdown, the

cables within the box were mounted at a distance of

5 cm from the wall by means of lucite spacers.

After these changes no further damage due to spar-

king occurred.

After addition of about 5% SF6 gas to the N2/CO2

insulation gas mixture, black corrosion prints were

observed at electrical contacts on the column, es-

pecially at points where the contact pressure be-

tween the conductors was rather poor. The problem

was solved by replacing the aluminium saddles by

stainless steel ones, by increasing the contact

pressure between the saddles and the hoops, and by

placing small springs in the bracket holes for the

resistors to improve the electrical contacts.

The electrical coupling between the accelerati-

on tubes and the column, which' consists of metal

helical springs between the plains and the tube

electrodes, was modified. The self-inductance be-

tween tube and column was increased in order to di-

minish the triggering of tube sparks through

column sparks. The new springs have a ferrite bar

inside giving it a self-inductance of about 10 uH.

The properties of the corona stabilization sys-

tem have been investigated and the results were

used to improve the feedback loops from the slits

and the pick-up plates to the corona triode; see

ref. O

Special attention is given to the humidity of

the tank gas. With an electronic hygrometer the hu-

midity of the tank gas can be continuously measured.

Values of the dew point of -70 °C are normal.

Negative ions are produced with an ion source

developed in our laboratory, la this source, built
2)

for the production of He ions , K vapour is used

for charge exchange. The source is of a simple con-

struction and has no extra focussing lens between

the duoplasmatron and the exchange canal. The ex-

traction voltage is usually 12 l-.V, which voltage is

low enough for a good exchange efficiency and high

enough for a good etaittance. It turned out to be
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possible to produce also heavy-ion beams with this

source. In some cases a liquid with a sufficiently

high vapour pressure is used in the source. For

example, CO2 gas is used for obtaining C and 0

beams and enriched water for ^ 0 beams. Often the

source gas is mixed with H2. Negative ions of the

following elements have been produced: 1H, 2H, 3He,

"•He, B, C, N, 0, F, AI, Si, P, S and C!. The cur-

rents are sufficiently hig'u to meet the require-

ments for experiments.

Fig. 2. The beam-guiding system: 1. the 55 cm dia-

meter scattering chamber, 2. the monorail-type

turntable, 3. the split-pole magnetic spestrograph,

i. the column-type turntable.

Fig. S. The monorail-type turntable.

Since in most experiments a g^od pumping speed is

required in the direct vicinity of the target, the

lower centre area within the table is used to accom-

modate a 200 1/s ion pump. A number of different

target chambers is available. These chambers fit ac-

curately on top of the precisely centered entrance

flange to the pump.

The second turntable consists of a heavy verti-

cal column (0.2 m diam., see fig. 4) with three up-

per and lower ball bearings on each pair of which a

revolving arm can be mounted. Each arm supports a

horizontal detector table. On these tables various

detector systems can be mounted such as single

Ge(Li) or Nal detectors, a Compton-suppression and/

or pair spectrometer, and a three-detector Compton

polarimeter.

The beam-guiding system (see fig. 2) consists

of a switching magnet and four exit channels lea-

ding to separately shielded target areas in the

15 m x 27 m target hall. The switching magnet has

circular poleshoes (0.8 m diam.) which are part of

a vacuum chamber having pairs of diametrically po-

sitioned exits to allow an easy check of the align-

ment of a beam channel. The lay-out of the optical

components in each channel is such that an almost

one-to-one image of the exits slits of the analy-

zing magnet onto the target can be obtained.

For y-ray experiments two turntables are avail-

able. The first table allows in principle detection

of v-rays in any direction from a target (except

backwards). It consists of a circular monorail

(2.4 m diam., see fig. 3) on which a number of car-

riages can move around the target position with a

radial accuracy of 0.02 degrees. Each carriage has

a radially sliding table with a sag of less than

0.3 mm under the maximum load of 200 kg at the tip. Fig. 4. The column-type tvmtable.
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The Enge-type split-pole magnetic spectrograph

has a central-orbit radius of 90 cm and is equipped

with a standard cylindrical scattering chamber with

a sliding vacuum seal for single-spectra experi-

ments. The standard chamber can be replaced by a

scattering chamber plus turntable for particle-gam-

ma coincidence and angular correlation experiments.

The 55 cm diameter scattering chamber has two

turntables in the inside (one fixed on the bottom

plate and one on the top plate) on which Si detec-

tors can be mounted at various distances from the

target. In the cylindrical part of the wall a 82 mm

diameter hole is available to insert a Ge(Li) de-

fector for particle-gamma angular correlation mea-

surements.

THE 4 MV AND 1 MV ACCELERATORS

The HVEC CN accelerator, which is in use since

I960, has been upgraded in 1970 to a voltage of 3.8

MV. The building in which the machine and the expe-

rimental facilities are housed, is constructed from

concrete with low natural radioactivity; this re-

sulted in a reduction of the y-ray background by a

factor of about ten. The beam-guiding system con-

sists of a 90 degree double focussing analyzing

magnet with a central orbit radius of 55 cm, a

switching magnet and four beam lines. Two of these

are equipped with turntables for proton and a-par-

ticle capture y-ray work and resonance absorption

experiments. The third beam line is used for y-ray

resonance fluorescence work. The fourth beam line

is used by guest groups for atomic and solid-state

physics experiments.

The analyzing magnet with a highly stable power

supply (1:10^) has been calibrated with an overall

absolute accuracy of 100 eV for protons and 300 eV

for a-particles. The magnetic field strength is li-

near to the current within 0.2% up to 1.1 T. The

homogeneity of the field along the beam trajectory

(over a width of 5 cm) is better than 0.1% at field

settings below 1.1 T. The magnet factor k [defined

as kv2 = E{l+E/(2 Me2)} with v the NMR frequency, E

the particle energy and M the particle rest mass] is

found to be constant within a relative error of 40

ppm for proton energies between 300 and 1600 keV

and within a relative error of 100 ppm for a-par-

ticle energies between 2200 and 3700 keV.

The 1 MV accelerator is equipped with a turn-

table for y-ray experiments; it is mainly used for

introducing undergraduate students to nuclear

physics. A second beam line is used by a guest

group for atomic physics work.

' For the Ge(Li) detector, N.V. Philips, Eindhoven
and for the Nal detector, Harshaw B.V., De Meern,
The Netherlands.

DETECTION SYSTEMS FOR GAMMA-RAY SPECTROSCOPY

Five large-volume Ge(Li) detectors (single

closed end) are available with relative efficien-

cies between 18 and 27%, and resolutions between

1.9 and 2.5 keV (FWHM) at E - 1.33 MeV. Three of

these, with efficiency/resolution values of

18%/1.9 keV, 21%/2.0 keV and 27Z/2.3 keV, respec-

tively, are mounted in cryostats with long (17 cm)

and small diameter (6.5 cm) end caps fitting in the

Compton-suppression and pair spectrometers.

The geometry of the Compton-suppression spectro-

meter is shown in fig. 5. The detector is irradia-

ted from the side over a part of the front end de-

fined by a high-density collimator with a density

of 18 g/cm ; see fig. 5. The size of this collima-

tor limits the irradiated part of the crystal to

the intrinsic region between the end of the dead

core and the front layer.

Fig. 5. The geometry of the Compton-suppression

spectrometer. The collimator, W , which is made of

a high-density tungsten-iron alloy 11.2% Fe), has

a cylindrical hole of 7 mm. The numbers indicate

dimensions in mm.

Sinc< absorption in and scattering from inact-

ive m<.L,.rial surrounding the Ge(Li) detector redu-

ces the suppression factor, the manufacturers

were requested to minimize the amount of structural

material in this region. This resulted in, e.g., a

reduction in the wall thickness of the end cap to

0.5 Eiui and of the cooling clamp to 1 mm Al. The

geometry of the Nal crystal, which, for a certain

total volume, is a compromise between minimum

source-detector distance and suppression factor for
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back-scattered y-rays, is chosen such that maximum

suppression is obtained in the low-energy part of

the Compton background. The result for 60Co y-rays

is shown in fig. 6. Between 100 and 960 keV the

mean Compton-suppression factor is 10. The Compton

edges are seen to be reduced considerably due to

the small diameter of the entrance hole in the Nal

shield; compare e.g. with ref.3)

COMPTON-SUPPRESSION SPECTROMETER

'OOon 3 GeiL<> CCrECIOR

« 23 cm x 28 cm Na(Tl)

Fig. 6. A Co spectrum with and without a Nal Veto.

The insert shows the suppression factor, which is

the ratio of the number of counts in the upper and

the lower spectrum.
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The pair spectrometer has an outer geometry

identical to that of the Compton-suppression spec-

trometer and can therefore serve both purposes si-

multaneously. The Nal part of the system is cut in

four sectors of 90 degrees each, which are optical-

ly decoupled with a thin (0.1 mm) layer of Al foil.

Each sector has one 7.5 cm tjiam. photo-multiplier

tube. Fig. 7 shows for comparison a single, a Comp-

ton-suppressed and a "double-escape" spectrum from

the E = 1416 keV resonance in the reaction

23Ka(p,Y)21fMg.

The y-ray Compton polarimeter consists of three

Ge(Li) detectors positioned as shown in fig. 8. The

upper part of the figure shows a cross section

along the plane determined by the beam axis and the

line connecting beam spot and scattering detector,

i.e. the reaction plane. The two absorbers, 125 car

and 100 cnr, used to detect radiation scattered pa-

rallel and perpendicular (|| and _|_) to the reaction

plane, are shielded from radiation directly from

the target by a lead shield of 10 cm thickness.

Fig. 7. High-energy part of the y-ray spectrum

of the E = 1417 keV 23Na(p,y)24Mg resonance.

From bottom to top: a single spectrum, a Compton-

suppressed spectrum and a pair-spectvum.

The coincident events (E , E , At), with E thesa s

energy signal from the scatterer, E the energy

signal from one of the absorbers and At the time dif-

ference between these signals, are stored unmodi-

fied on magnetic tape for later off-line analysis.

A label bit distinguishes between the parallel and

the perpendicular absorber. By summing the E and
S

Efl of each event, spectra are reconstructed for the

|| and J_ systems. Software gain matching is ap-

plied in the off-line analysis. The resolution in

the spectra is about 2.2 keV FWHM at E » 350 keVand 3.I keV FWHM at E 1650 haV.

From E and E (in keV) the quantity

R •= 1 - [511 E /{E (E +E )}] is calculated. For
a s s a

events due to single Compton scattering, R corres-
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ponds to the cosine of the Compton scattering

angle. Events consisting of e.g. Conpton scattering

in the central detector followed by Compton scatte-

ring in the absorber mostly yield R-values incon-

sistent with the geometry. In the off-line analysis

events are rejected if the quantity R does not cor-

respond to a value between cos 35 and cos 105 .

The latter limits are determined from R-spectra be-

longing to full-energy peaks in the reconstructed

spectra of radioactive sources. The R-gating re-

sults in a background reduction of a factor of two

to three in the final spectra.

The relative efficiency a(E ) of the || and |

systems was determined with unpoiarized Y"rays

from various sources. The result is shown in the

upper part of fig. 9.

The polarization sensitivity Q(E ) is measured

with y-rays of known polarization. For this purpose

transitions with known multipolarity and mixing

ratio are used for which the spini of the initial
4)and final states are known [see ref. ].

1.2

1.1

1.0-

3-Ge(Li) Compton
polarimeter

1 2 3
EY(MeV)

Fig. 9. The relative detection effioienoy (upper
curve) and the polarization efficiency (lower curve)
of the Compton polarimeter.

TARGET

a) Horizontal cross-section

b) Front view

Fig. 8. The y-rccy Compton polarimeter.

THE DATA-HANDLING SYSTEM

The data-handling system consists of three

front-end computers connected through fast (600 k

bits/s) data-transmission channels with a central

computer (see fig. 10). The last one consists of a

CDC 1700 with 32 k words core and 10.5 M words

disk memory. This system will soon be replaced by

a PDP 11/70 (installed in October 1976) with 96 k

words core memory, a 0.5 M words fixed-head disk

and a 44 M words movable-head disk.

Programs for on-line experiments can be set up

by the experimentalist with a general command and

control language called BACO. For example, this

language is used in a general data collection,

handling and reduction program called SPECTR. With

SPECTR the data analysis can be performed in all

types of multiparameter experiments, with a maxi-

mum of 256 bits per event for the usual coinciden-

ce experiments. The rate of analysis is of the or-

der of 1000 events/s. The structure of SPECTR

allows for arithmetical operations on parameters

and includes a flexible display system.

The central computer provides the mass memory

necessary for the peripheral computers and is also

used in the off-line analysis with the SPECTR pro-

gram of raw data from magnetic tapes.
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TO\FROM OTHER US"RS

Fig. 10. The data-handling system. One PDP 12/40

is used for experiments with, the tandem. The second

PDP 11/iC and the Ldben 70 ave used for experiments

with the 4 MV and 1 MV aoc&leratovs. Various peri-

pherals and the front-end computers are connected

with the CDC-1700 by a multiplexer (MPX).

1) A. Vermeer and B.A. Strasters, Nucl. Instr . JL3J_
(1975) 213

2) A. Vermeer, N.A. van Zwol and B.A. Strasters,
Nucl. Instr . J0£ (1973) 115

3) J. Konijn, P.F.A. Goudsmit and E.W.A. Lingeman,
Nuol. Instr . JJ)9_ (1973) 83

4) H.H. Eggenhuisen et_ aK (to be published)
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MODEL INDEPENDENT J" ASSIGNMENTS IN 38Ar
FROM y-RAY EXPERIMENTS IN HEAVY-ION INDUCED REACTIONS

M A VAN DRIEL. H H. EGGENHUISEN. G A. P. ENGELBERTINK.
L. P. EKSTRÖM and J. A. J. HERMANS

h'vxi.\ch Lahoralonum. Rijksuniversiteit L'tmhi. Flic Setherlands

Received 26 July 1976

Abstract: High-spin slates of '"Ar and 35CI have been investigated with the '4Mg("'O. 2py)'"Ar and
24Mg("'O, p»y)35Cl reactions ai beam energies of 38 and 45 MeV. The experiments consisted of
;•••; coincidence, angular distribution and linear polarization measurements. A high-resolution
large volume Ge(Li)-Nal(TI) C'ompton-suppression spectrometer and a three-Ge(Li) Compton
polanmeter were used. The analysis of the data, without assumptions about the reaction mechanism
for the formation of the levels under study, is discussed. Unambiguous spin-parity assignments of'
J" = 6 ' . 8*. and limitations of (5. 6. 7) and (7,8*. 9) for the 3ltAr levels at £, = 6408.3+0.2.
7609.3±0.3. 8012.9 + 0 3 and 10173.8 + 0.4 keV, respectively, art obtained. They are compared
with results of shell-model calcu'jtions. Mixing ratios and spin-alignment attenuation factors for
several transitions and levels in 3BAr and 35CI are reported.

NUCLEAR REACTIONS "Mg("O. 2py),( '"O. pa;-). E = 38.45 MeV; measured a(E, £,.),
<*(£.,, 0), yy-coin., y-ray lin. polarization. 38Ar deduced levels, BR, J it, ó, alignment
parameters. 35C1 deduced levels, (5, alignment parameters. Enriched targets. Compton-

suppression spectrometer, three-Ge(Li) polarimeter.

1. Introduction

Heavy-ion induced fusion-evaporation reactions have a great potential for the
spectroscopy of high-spin states in light nuclei as shown recently by the exploratory
work done at Brookhaven '), Heidelberg 2) and Oak Ridge -1).

The y-ray work with this type of reactions on sd and fp shell nuclei has sofar been
concentrated mainly on the localization of new states, probably with high spin, their
decay and mean lives. Especially the inherent large recoil velocities are very suitable
for lifetime measurements with the recoil-distance method *"7) .

In some particular cases these reactions have also been used to obtain definite
spin and parity information. Highly excited 2*Mg states, unbound to a-decay, have
e.g. been assigned spins and parities in the I2C( I6O, <x1)

;!4Mg*(a2)
20Ne reaction on

the basis of the observed P){cos 8) angular distribution of a2 leading to the 20Ne
ground state 8). Similar studies of high-spin states of 24Mg with the I6O('-C, a,)
24Mg*(a2)20Ne(l) reaction 9-10) and of 20Ne states populated in the I2C( I2C, a,)
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Pieter Maarten Emit
Fysisch Laboratorium, Utrecht, yi'thcrluiitts

NUCLEAR SPECTROSCOPY IN THE sd SHELL

The paper is composed of four almost disconnected parts. The first part describes recent improvements
in Doppler shifts and recoil distance lifetime measurements. By means of "inverted" reactions induced
by heavy ions bombarding deuterium or tritium targets a precision of 3% has been obtained. A description
is given of a Ge (Li) detector with an anti-Compton shield applied to the 34C1 m(fi*y)31 s decay.

The second part gives an account of review work on measured spectroscopie factors for single-particle
transfer reactions in the A = 21-44 region. 1 he most widely used set of normalizing factors turns out to be
internally consistent. Errors are estimated and si:m-rule upper limits are tested.

The third part deals with a collection of strengths of electromagnetic transition in light nuclei (A < 45).
Some 1000 transitions fulfill the rigorous acceptance criteria. From this collection strengths upper limits
are derived for use in nuclear spectroscopy. Some isoscalar M2 and M3 transitions are found to be un-
expectedly strong.

Finally measurements are discussed of the magnetic moments of very short-lived states in light nuclei.
Some measurements make use of the transient field in magnetized iron, and especially of the anomalously
large transient field discovered very recently. Another method in which almost completely stripped ions
recoil in vacuum is based on the very large fields exerted by inner-shell electrons.

1. Measurements of Nuclear Lifetimes

Among the most useful application of Ge(Li) detectors one might count the measure-
ments of y-ray Doppler shifts from which information on the lifetimes of nuclear states
can be obtained. For lifetimes in the region rm = 10 fs—1 ns two groups of techniques
are mainly of importance:

a) Doppler-shift attenuation (DSA) measurements (rm — 10 fs-10 ps);
b) recoil-distance (RD) measurements (rm = several ps—1 ns). Almost all of the

older DSA work has been performed at low recoil velocities (v,'c < 0.01). An extreme
example would be (he (p, y) reaction with which, for e.g. Ep = 2 MeV, ^,arB<,t = 30,
one arrives at only v/c = 0.002. Most particle-particle reactions introduced by "light"
panicles (p,d,t, a.) at EN tandem energies lead to v/c » 0.01. There are several draw-
backs connected with the low recoil velocities, of which the most important might be that
in this region the stopping power is experimentally practically unknown. Moreover, at
low v/c the nuclear part of the stopping power is predominant, a part which also theo-
retically is not very well understood. As a consequence, to DSA lifetimes measured at
v/c < C.0I one should assign, in addition to the statistical error, a systematic error of'
at least 20%. A most illustrative example is the wide ninge of values, from 0.29 to 0.54 ps,

4 Nukiconika nr 6/76
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SPECTROSCOPV OF 32P (II)

F. E. H. VAN EIJK.ERN, G. VAN MIDDELKOOP, W. A. STERRENBURG
and A. F. C. BUIJENSE

Fysisch Laboratorium. Rijksuniiersiteit Utrecht, The Netherlands

Received 31 December 1975

Abstract: Spins, parities and transition probabilities of levels in " P at £ , > 3.5 MeV have been de-
termined with the "Si(a, py)32P reaction at bombarding energies of £x — 12.80, 12.93 and
16.30 MeV. Proton-gamma angular correlation experiments and DSA lifetime measurements
lead to six unambiguous spin assignments and to many spin limitations. The measured mixing and
branching ratios yield many transition strengths for dipole and electric quadrupole transitions.
Five, sofar unknown, energy levels arc reported. A doublet at 4.03 MeV excitation energy and
a high-spin state (Ex = 4.27 MeV; Jr — 5") were observed. Shell-model predictions have been
compared to the present experimental results.

NUCLEAR REACTION "Si(a, p;>), £ = 12.80, 12.93, 16.30 MeV; measured pj'(Ö),
Doppler-shift attenuation and ;way decay. 32P deduced levels, Tj, J", y-btanchings

and mixing ratios. Enriched target.

1. Introduction

Most spins, parities and y-ray transition probabilities for levels of 32P with exci-
tation energies below 3.5 MeV are known; see e.g. ref. ' ) . For these levels a remark-
ably good agreement between theory and experiment wa" found for excitation ener-
gies, spins and parities '• 2). To test the shell-model calculations on even-parity
states 2) to higher excitation energies and to test recent calculations on odd-parity
states 3). the 29Si(ot, py)32P reaction was used to investigate states of 32P to an exci-
tation energy of 6 MeV. Results of p-y angular correlation and Doppier-shift attenu-
ation (DSA) measurements, leading to spin and parity assignments and transition
strengths, are reported and compared with the calculations.

2. Experimental procedure

Proton-gamma angular correlation measurements were performed with the 29Si(a,
py)32P reaction at bombarding energies of £„ = 12.80, 12.93 and 16.30 MeV at
which energies the reaction yield lias maxima for the population of the levels of
interest above Ex = 3.5 MeV. The DSA lifetime measurements were performed at
16.30 MeV, which energy represents an optimum for both high recoil velocity and
yield. Alpha particles were accelerated by the Utrecht 6 MV tandem VandeGraaff
accelerator. Beam currents were typically 200 nA on target.
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Shell-Model Calculations in A = 28-32 Nuclei

F. E. H. van Eijkern, G. A. Timmer, F. Meurders and P. W. M. Glaudemans
Fysisch Laboratorium, Rijksuniversiteit, Utrecht, The Netherlands

Received May 24, 1976

Shell-model calculations for positive-parity ievels of A = 28-32 nuclei have been performed
in a lt/5/, 2.v, , ld3 -, configuration space. Configuration mixing of at most 250 lowest-
lying pure configurations for each {A, J, T) set was taken into account. By a variation of
the four effective interaction (MSDI) parameters and three single-particle energies a search
was made for the best fit of the calculated energies to the experimental values. The average
deviation between theory and experiment for the energies of the 110 fitted levels is 0.44 MeV.
By adjusting all the 63 two-body matrix elements (ASDI) and the three single-particle
energies, the average deviation of the binding energies was reduced to 0.16 MeV. For the
lowest 10-15 levels in all /I = 28-32 nuclei a one to one correspondence exists between
theory and experiment. Electromagnetic transition strengths were calculated both with
MSDI and with ASDI wave functions. The ASDI wave functions reproduce the experi-
mental El data much better than the MSDI wave functions. For the M1 transition strengths
only a minor improvement has been achieved.

1. Introduction

Several shell-model calculations on positive-parity
states have been performed in nuclei with masses
,4=28-32. By Wildenthal et al. [ l ] spectroscopie
factors and El and M1 transition strengths are calcu-
lated in 2tiSi and 29Si. This work was extended later [2]
to 28Mg, 2SA1 and 29A1. Almost simultaneously calcu-
lations on these nuclei were performed in Utrecht [3].
Also in A = 30-34 nuclei spectroscopie properties
have been calculated [4,5]. In all these calculations on
positive-parity levels a truncated \dsil2sxil\d3ll

configuration space was used with 'ftO treated as an
inert core.
The present calculations on A = 28-32 nuclei were
performed for the following reasons.
a) To test whether in this mass region improvement
of the energies fitted with the ASDI method of Meur-
ders et al. [6] would also lead to an improvement of
Ml and El transition strengths.
b) To investigate further the effect of the restriction of
the configuration space according to the diagonal
energy truncation method (DET) [6]. In previous
calculations in this mass region the truncation has

been performed by restricting the particle distributions
over subshells.
c) To give a complete set of calculated electromagnetic
properties for A = 28-32. This allows one to make an
extensive comparison with the fast growing amount
of experimental spectroscopie data in this mass
region [7].
d) To check for this mass region the reliability of the
calculated decay properties with the method developed
by Timmer et al. [8],
For the lower mass boundary we chose 4̂ =28 to
have an overlap with the A = 24-28 calculations from
Reference 6. On the other hand A = 32 was considered
to be the maximum mass number for which neglection
of the l./722/>3 2 contribution was expected to be
reasonable.

2. The Configuration Space

Limitations in central memory space and computing
time for the computer systems available necessitate a
restriction of the configuration space. The method
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A MAGNETIC MOMENT MEASUREMENT OF THE FIRST-EXCITED
2+STATE OF 22Ne

R.E. HORSTMAN, H.A. DOUBT,
J.L. EBERHARDT and G. van MIDDELKOOP
Fysisch Laboratorium, Rijksuniversiteit Utrecht, The Netherlands

The magnetic moment of the first-excited 2+ state of 22Ne has been measured
with the time-differential recoil-into-vacuum technique with the use of a plunger.
The state was populated with the reaction 4 He( 1 9 F, p)22Ne at £"(19F) =41.4 MeV.
Two helium targets prepared with a thickness of approximately 4 jug • cm" 2 by im-
plantation into nickel at 30 keV were used. Protons were detected at forward an-
gles between 0° and 10° in a silicon surface-barrier detector shielded by a 90 jum
gold absorber. Gamma rays were detected in coincidence with protons in four
12.7 cm X 12.7 cm Nal(Tl) detectors at angles +45°, +90°, -90° ard -135° and in
an 125 cm^ Ge(Li) detector at an angle of 0° with respect to the beam direction.
The outgoing 22Ne ions (v/c = 0.048) were stopped in a 30 jum thick stretched gold
foil. The unperturbed -y-ray angular correlation on recoil into silver showed an 85%
m = 0 substate population. An increasing linear background under the Pi peak in
the particle spectrum due to the reaction 12C('^F, pn)2 'Si was caused by carbon
deposited on the stopper and the target foil during the experiment. The target foil
was continuously monitored for flatness and stability by a laser interferometer,
which was also used to determine the distance of closest approach (6 f.im) as de-
scribed in an earlier paper [1].

In a preliminary analysis including contributions from the various atomic states
of the free ion, the ^-factor of the first-excited 2+ state was determined to be
|g| = 0.32 ± 0.03. The lifetime of this state deduced from the Ge(Li) detector data
was in good agreement with the compiled value [2]. Recent shell-model calculations
[3] yield values of the ^-factor between 0.30 and 0.35.

The same reaction on a He-implanted Fe foil was used to measure the transient
field precession at a high recoil velocity. This measurement yielded an integral pre-
cession angle <!>lg = 17 ± 4 mrad, which is 1 5 + 4 mrad higher than the Lindhard-
Winther (LW) prediction [4]. An earlier experiment [5] at low recoil velocity
(u/c = 0.017) yielded (j>!g= 2.9 ± 0.7 mrad in fair agreement with the LW theory.

The deviation from the LW value at high recoil velocity can be understood as
capture of polarized electrons from Fe into Is vacancies of the moving 22Ne ion,
see ref. [6].
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NUCLEAR RESONANCE FLUORESCENCE IN S4Fe

H. LANCMANt, R. J. SPARKS " and C. VAN DER LEUN

Fysisch Laboratorium, Rijksunhersiteit, Utrecht, The Netherlands

Received 8 September 1975

Abstract: The narrow 6.13 MeV y-line from the "F(p , ay) '6O reaction was used to excite a level
of 54Fe. Resonance fluorescence spectra, angular distributions and the temperature dependence
of the intensity of the scattered photons were measured. In addition to the decay scheme of
the S4Fe level, its following characteristics were determined: £ , = 6I29.0±0.2keV, J = 1,
F — 27±4 meV, To//1 = 0.93±0.01. The separation energy between the incident line and the
absorption line was found to be 17.0±ï.OeV.

NUCLEAR REACTION **Fe(y,y), E= 6.13 MeV; measured a(Ey), a(0), a(T);
5 4Fe deduced level, J, F, decay scheme. Natural Fe scatterer.

I. Introduction

The ' 9F(p, ay)16O reaction is a convenient source of y-rays for nuclear resonance
scattering 1). Of the three lines with energies 6.13, 6.92 and 7.12 MeV, emitted from
the lowest 3~, 2+ and 1" 16O states, respectively, the last two are kinematically
broadened and have a width of about 130 keV at a proton energy of Ep = 2 MeV.
Since the 6.13 MeV y-line is emitted from a long-lived state it is narrow, provided that
precautions are taken to ensure that all recoiling 16O ions are brought to rest in a
time much less than the lifetime of the state. Under these conditions its width is de-
termined by thermal motion of the 1SO nuclei in the stopping medium. Resonance
scattering of this narrow line was observed as a background line in an experiment on
resonance scattering from lead 2). The line was easily identified as coming from iron
by replacing the lead by an iron scatterer. This observation was surprising since the
probability of accidental overlap of the 6.13 MeV16O line with a state in iron is small :
the level spacing in the iron isotopes at Ex ~ 6 MeV is 3) over 10 keV, whereas the
6.13 MeV line is expected to have a width of about 13 eV under our experimental
conditions. Accidental overlap of narrow y-lines from thermal neutron capture with
states of nuclei in this mass region has been observed 4) at a higher excitation energy
where the level density is higher.

Since the effect observed was quite strong and since iron is a common construction
material, the 6.13 MeV line may be frequently present as a background line in scat-
tering experiments, see e.g. ref. 5).

t On sabbatical leave from Brooklyn College of CUNY, USA.
•t On leave from Institute of Nuclear Sciences, DSIR, New Zealand.
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Shell-Model Calculations with an Adjusted Surface-Delta Interaction
(I) Application to Spectroscopie Factors in A =24-28 Nuclei

F. Meurders, P. W. M Glauderr.ins, J. F. A. Van Hienen and G. A. Timmer

Fysisch Laboratorium, Rijksuniversiteit, Utrecht, The Netherlands

Received August 18, accepted November 14, 1975

Abstract. Shell-model calculations have been performed for positive-parity levels of the
.4 = 24-28, 7_3/2 nuclei in a \di:12sl;2 ldia configuration space. The space, for each
(.4, J, T) set, was restricted such that only mixing of less than about 300 low-lying pure
configurations was allowed. An effective interaction (MSDI) was used of which the param-
eters have been determined by a fit of the calculated energies to the experimental values.
This resulted in an averaged deviation of 0.52 MeV for 67 fitted levels. Spectroscopie factors
have been calculated with the derived wave functions. In order to obtain better agreement
for the energies, all of the 63 two-body matrix elements and three single-particie energies
were adjusted systematically. The wave functions derived from this adjusted set of matrix
elements denoted by ASDI yield considerably better spectroscopie factors. For com-
parison, the spectroscopie factors have also been calculated in a 1 J s 2 2.s, 2 model space.
The omission of the 1 d3, subshell was found to result in a substantially poorer agreement
for the spectroscopie factors for 1 </5 2 and 2.s, 2 transfer.

J. Introduction

The .4=24-28 mass region has not been studied
theoretically in great detail. The increasing amount
of accurate experimental data [1] in these nuclei
encourages more intensive theoretical investigations.
One of the most successful descriptions so far is given
by the shell model. The present paper describes an
investigation of positive-parity levels of A = 24-28,
T<; 3/2 nuclei in a ld5.22.s'I/2 ld3iz configuration space,
in which ' 6O is treated as an inert core. This space is
especially suitable for low-energy states of nuclei in
the middle of the s à. shell. Excitation energies and some
spectroscopie factors have been calculated in the
rather small Id5/22s, .2 configuration space for .4 =
20-28 nuclei [2]. A recent extension of this work [3]
with a modified surface-delta interaction [4] has given
reasonable overall agreement between calculated
and experimental excitation energies, B(M\) and
B(E2) values for .4 = 23-28 nuclei. Calculations in a

\d5l2 2sll2 1̂ 3,2 configuration space, truncated on the
basis of particle distributions over subshells, have
been performed for the .4 = 27-29 region [5]. Full
.s (/-shell calculations of excitation energies and electro-
magnetic transition rates for different effective two-
body interactions have been performed by the Glasgow-
group [6]. A disadvantage of the latter calculations
is that no effective two-body matrix elements were
available specifically determined for the middle of
the sd shell. In addition to these studies collective-
model and projected Hartree-Fock calculations have
also been performed in this mass region, see e.g.
Ref.7.
The present study has been undertaken in order to
find an empirically improved effective interaction.
This approach is presently feasible only in a truncated
configuration space when the middle of the sd shell
is considered. This configuration space has been
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INVESTIGATION OF THE REACTION 34S(p, y)3SCl

(I). Resonances at proton energies above 2 MeV

R. J SPARKS'

Fy\isch iMboralorium. Ri/ksumver\iwil. Ulrcthl. Tin' Seilwrlwuis

Received 12 February 1976

Abstract :The yield curve of the reaction 34S(p. y)j5CI has been measured over the energy range Ep = 1.45
2.91 MeV. Proton energies and strengths of 84 resonances are given. The decay schemes of .18
selected resonances have been studied, and for these branching ralios and spin limits are presented.
The proton energy of the well known J" = \' analogue resonance has been measured as
E = 1211.45±0.09 keV The reaction 0-value is Q = 6371.640.4 keV.

NUCLEAR REACTION "Sip. ;•), E = 1.21. 1.95-2.91 MeV; measured £p. a(E). deduced
35CI levels, resonance strengths, y-ray branching ratios. £,. J. n. Q. Enriched targets.

1. Introduction

The reaction 34S(p, y)35CI has been the subject of frequent investigation, almost
exclusively at proton energies below Ep = 2 MeV. An exception is the work of
Kopanets et al. '), performed with Nal detectors. Recently the resonances up to
Ep = 2 MeV have been investigated by Hubert et al.2) and Fant et al. 3), both
groups having measured decay schemes and lifetimes of a number of bound states
of 35C1. In addition, angular correlation and polarization measurements have been
used to study the lowest bound states by Taras et al. 4) and Watson et al. 5), while
Prosser and Harris 6) have made a detailed study of the J" = \" analogue resonance
at Ep = 1211 keV.

As a result of these investigations, and of studies of other reactions, primarily
35Cl(p, p'y)35Cl, 32S(a, p)35Cl and 34S(T, d)35Cl, the properties of the states of
35C1 up to an excitation energy of E% % 3 MeV are quite well known l 4) . Above this
energy many states are known, but the properties of several of these have not yet
been determined.

A feature of the proton capture reaction is that with a modest incident particle
energy it is possible to form states of high excitation energy that can decay to a large
number of bound states. For this reason it was considered to be of interest to extend
the investigation of the proton capture resonances in the 34S(p, y)35Cl reaction to
proton energies greater than 2 MeV in order to obtain new information about 35C1
bound states.

' On leave from Institute of Nuclear Sciences. DSIR. New Zealand.
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INVESTIGATION OF THE REACTION 34S(p, y)35Cl

(II). Angular distributions and resonant absorption

R. J. SPARKS '
Fysisch Laboratorium. Rijksuniversiteit, Utrecht, The Netherlands

Received 12 February 1976

Abstract: Angular distributions have been measured at four 34S(p, y)35Cl resonances, at Es = 8.63, 8.64,
8.95 and 9.08 MeV, giving spin-parity assignments J" = f ~, (f, f), f+ and | , respectively. Spins and
parities have been determined for bound states at £„ = 3.92, 4.11, 4.85 and 5.16 MeV, as J" = \*,
Y• (i- §)• \'• respectively. Branching and mixing ratios have been obtained for the decay of the
states at fx = 3.92,4.11.4.35 and 5.16 MeV. Transition strengths are presented for the first three of
these. Comparison of the experimental data with published intermediate-coupling and shell-model
calculations provides information on the configurations of the Ex = 3.92,4.11 and 5.16 MeV levels.
A resonant absorption experiment at the E? = 2.79 MeV resonance gives for the resonance width
T = 65 + 20 eV, and also determines the partial widths Fy, /"p and TPi. This experiment supports
recent absolute yield measurements of the strength of the J" = \~,Ef = 1.21 MeV resonance.

NUCLEAR REACTION "S(p, y), £=2.33-2.79 MeV; measured a{E,Ey,6). 3SC1
deduced levels, J, n, ö, y-ray branching ratios, transition strengths. 35Cl(y, y), E = 9.08 MeV ;
measured a(Ey).

 35CI deduced level, ƒ", T,, rP i , resonance strength. Natural scatterer. Enriched
34S target.

1. Introduction

In the preceding article '), hereafter referred to as paper I, a description is given
of the measurement of the excitation function of the reaction 34S(p, y)35Cl for
proton energies £p = 1.95-2.91 MeV. The present article describes angular distribu-
tion measurements on some of those resonances that populate bound states of 3SC1
for which the spins and parities were not known. Sect. 4 describes a resonant absorp-
tion experiment at the Ep — 2.79 MeV resonance.

2. Experimental procedure

2.1. ANGULAR DISTRIBUTIONS

The general experimental set-up has been described in paper I. The angular distribu-
tions were measured with the 60 cm3 coaxial Ge(Li) detector, with the exception of
the measurements at Ep = 2.79 MeV, in which the 120 cm3 detector was used. The

' On leave from institute of Nuclear Sciences. DSIR. New Zealand.
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RESONANT GAMMA-RAY ABSORPTION IN 208Pb

R. J. SPARKSt, H. LANCMANtt and C. VAN DER LEUN

Fysisch Laboratorium, Rijksuniversiteit, Utrecht, The Netherlands

Received 6 November 1975

Abstract: The level at 7064.3±0.5 keV in Z08Pb has been excited in a resonant absorption experi-
ment by Doppler shifted y-radiation from the 34S(p, y)35CI reaction at E„ = 1974 keV. Analysis
of the absorption integral gives F = 18±3 eV for the level width, assuming a 100% ground
slate branch. The suitability of this technique for measuring lifetimes of nuclear bound
states in the attosecond range is discussed.

NUCLEAR REACTION 20SPb(y, y), E - 7.064 MeV from 34S(p, y); measured <r(£y).
208Pb deduced level, F. Natural lead.

1. Introduction

Doppler shifted radiation from proton capture reactions has frequently been used
to observe nuclear resonant absorption of y-rays in light nuclei; an extensive dis-
cussion of the analysis of this type of experiment is contained in the papers of Smith
and Endt '• 2). In all experiments published so far the technique has been used to
measure the widths of unbound states. In all cases the radiation was absorbed
in the same nucleide, and excited the same resonance level, as that emitting
the radiation. An exception is the excitation of a resonance level in 31P by radiation
from a nearby (p, y) resonance 3).

The general possibility of exciting a state by absorption of y-rays emitted by the
decay of a different state had been considered4) before the advent of Ge(Li) detectors.
It was not used, however, (except for the case mentioned above), because of the
difficulties in matching precisely the energy of the state with that of a suitable y-ray.

The present day possibility of precise determination of y-ray energies greater than
a few MeV [ref. n ) ] prompted this experiment which demonstrates the feasibility
of the resonant absorption technique when emitter and absorber are different materials.
Resonant absorption was observed on the state at 7.06 MeV in 208Pb. This level had
previously been investigated by resonance fluorescence measurements, and the
published values for the width, F = 31+3 eV [ref. 5)] and F = 15 + 8 eV [ref. 6)] ,
while in disagreement with one another, indicated that the level is suitable for in-
vestigation by resonant absorption.

t On leave from Institute of Nuclear Sciences, DSIR, New Zealand.
** On sabbatical leave from Brooklyn College of CUNY, New York, USA.
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Till: REACTION 1 st l (n, }•)""( I
STUDIED WITH NONPOLARIZED AM) POLARIZED THERMAL

NEUTRONS

A \1 .1 SPITS and J. KOPi-CkS

f W U - W . V .\iulmi SniitiiiiT lirnup. Rctutoi C'ciiimm Sicliilum'. I'utcn. The ,\ci/n rhiml\

Received 15 December 197?

'bs l r ac? : I lie / - i .ui i . iuon li-lliminu I'.ipltne cil iiim-pcil.iri/ccl ami po lan /e i l Ihennal ncu tuu i s in '"("I li.i-
been im estimated Of the 4^(1 y-iavs asei ibed to I lie ' *(."!( n. 7) V*C'I react ion. 236 have heen placed 111 <i
" '( ' I decav scheme I he b ranchum i.iluv. anil the excilalion energies (with ü (14 II 9 keV errors) of

12 hiMiiul --Mies have been t leleinnneil . l l namb 'gun i i s spin ass ignments are given for 11 levels The
mulupo le miMnu lal ios ttii sctnie prnnarv y-iay fransiiions h.ive been t le te immed I h e t e e \ is is a
smnilleiinl eone la l iu i i between (d. p) s lopp ing strenglhs and (n. ;) reduced pnmar> tninsi(i(»n
probabil i t ies loi t ransi t ions to /„id. p) = 0 level'..

N l ' C I . I A R R [ ' \ C 1 I O N S -"CKt l ; ) . "CUn. ;•). E ^ ihcnn; i l : mca.s.ired / / . 'l. -( P ;
deduced Q. pol.iri/ . i l ion t'liiictiini R '"CI levels deduced , - b r a n e h m c . . / . it. fi Natural l.irgets

I. Introduction

Capture in '"'CI o\' non-polari/ed thermal neutron's ha-> been studied b\ means of
Gc(Li) detectors by many authors ' 7). The picture obtained by the complicated
7-ray capture spectrum, however, still lacks consistency on many points. In the present
work an attempt has been made to improve the completeness, accuracy and precision
of the data. Much care was devoted to achieve accurate energy and intensity cali-
brations. The systematic uncertainty in the energies couid be reduced by calibration on
' 4N(n. "/)1?N y-rays; the ' 4 N- '^N mass difference was recently established with a
high degree of accuracy H).

Much information of spins of bound levels, and in favourable cases on their
parities, the multipole admixture of primary y-rays add (he admixture of the lowest-
spin component in the capture state may be obtained by using a polari/ed thermal
neutron beam. Such experiments have been performed earlier for capture in chlo-
rine "• ' "). The present paper describes another experiment of this t\ pc. making use of
the high polarizcd-neutron intensity available from the Petten magnetized mirror
set-up. A description of this set-up may be found in rcf. ' ' ) •

This paper is part of a series of two articles on thermal-neutron capture in the two
stable chlorine isotopes, the first of which appeared in 1973 [ref. '2)J.
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THE USE OF A SINGLE-CRYSTAL IRON FRAME IN
TRANSIENT FIELD g-FACTOR MEASUREMENTS

P.C. ZALM, J.L. EBERHARDT, R.E. HORSTMAN, G. Van MIDDELKOOP

Fysisch Laboratorium, Rijksuniversiteit, Utrecht, The Netherlands

and

H. De WAARD
Laboratorium voor Algemene Natuurkunde, Rijksuniversiteit, Groningen, The Netherlands

Received 24 November 1975

A single-crystal Fe frame has been used as a target backing in a transient field perturbed angular correlation meas-
urement on 2 8Si(2t) with the 28Si(a, a') reaction a t£ t t = 7.50 MeV. Two sides of the frame are parallel to the (1,0,0)
axis, the direction of easy magnetization, such that the frame could be magnetized with a field of only H = 240 A/m.
Beam-bending effects, caused by fringing fields, are therefore negligible, which results in a reduction of measuring
time by a factor of four.

The ion-implantation perturbed angular correlation
technique (IMPAC) for the measurement of g-factors
of short-lived nuclear states (jm « = 0 . 3 - 3 ps) has
shown to be highly successful [1—4]. In this method
recoiling nuclei in an excited state are produced by a
nuclear reaction. For such very short-lived states the
measured rotation of the angular correlation of deex-
citing 7-rays is mainly due to the transient magnetic
field experienced by the ion slowing down in a magne-
tized ferromagnetic medium. These fields were found to
be anomalously enhanced for high ion velocities [5].
Although the magnitude and the velocity dependence
of these fields are as yet not fully understood the
method has proved to be a powerful tool for the meas-
urement of relatives-factors.

In the transient field experiments performed so
far polycrystalline Fe target backings have been used.
As has been shown by De Waard et al. [6], there is a
striking difference between'surface and bulk magneti-
zation in such a foil if the magnetizing field is too
small. This phenomenon is probably due to demagne-
tizing fields in the foil. For full surface magnetization,
external fields of more than 0.1 T are needed. This
inevitably causes a non-negligible fringing field which
bends the trajectories of the incident and outgoing
particles. As a result the reference ^-axis is turned and
the outgoing particles are not detected along this axis.
This off-axial detection causes a change in the substate

populations which is observed as a rotation of the
angular correlation. This so-called beam-bending effect
is unpredictable except for pure Coulomb excitation
and must be measured independently with a non-
ferromagnetic target backing in order to obtain the
proper transient field contribution to the total rota-
tion angle. Since the experimental conditions for the
two measurements must be closely similar, the counting
rates, the measuring times and consequently the errors
are approximately equal. Thus the measuring time re-
quired for a given error in the net rotation is four
times longer than it would be in absence of the beam-
beding phenomenon.

In the present experiment, a single-crystal iron
frame was used as target backing. It was cut by spark
erosion from a single-crystal plate made by the strain
anneal method [7] and then polished and annealed.
The frame is 1 mm thick, its outside dimensions are
15 mm X 15 mm and its sides are 3.5 mm wide (see
insert in fig. ! ). Two of its sides are paraüel to the
< 1,0,0) axis (direction of easy magnetization) and
two parallel to the < 1,1,0, axis. The bulk hysteresis
curve of the frame for the < 1,0,0) direction has been
determined by a magnetic induction measurement and
the surface hysteresis curve by an optical Kerr effect
measurement [6]. The results are shown in fig. 1. Full
saturation of boih bulk and surface magnetization is
apparently reached at about 6 ampere turns.
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LARGE TRANSIENT MAGNETIC FIELDS AT HIGH ION VELOCITIES IN

POLARIZED IRON

J.L. EBERHARDT , R.E. HORSTMAN , P.C. ZALM, H.A. DOUBT and

G. VAN MIDDELKOOP

Fysisch Laboratorium, Rijksuniversiteit, Utrecht, The Netherlands

Abstract: Nuclear spin precessions due to the transient magnetic field in

polarized Fe have been measured as a function of the initial velocity

of Si ions in the first-excited nuclear state. The transient field

was found to increase linearly with the ion velocity v in the region

v/c = 0.006 - 0.049. This is in contrast to the Lindhard and Winther

model, which requires an inverse proportionality with ion velocity.

Reanalysis of an earlier measurement on Si(2.) with the linear

velocity dependence yields a reduced value for the ^-factor of g = 0.37

+̂  0.12. Other available velocity-dependent data for Ne, Fe and Pt

are consistent with a linear velocity dependence and suggest in addition

a linear dependence on the nuclear charge Z of the moving ion. The increase

of the transient field with recoil velocity can be explained semi-quanti-

tatively by the capture of polarized Fe electrons into Is and 2s vacancies

in the moving ion. The velocity-dependent data and other discreoancies from

i /- I Q • n

the Lindhard and Winther mode] for N, 0 and, very recently, for C

are also discussed in terms of the proposed microscopic model.

NUCLEAR REACTIONS 28Si(p,p'Y), E = 4.87 MeV; 28Si(a,a'Y), E = 7.50,
19.50 MeV; "He(28Si,aY), E = 54.0 MeV; measured P Y ( 9 , B ) , aY(9,B) in
polarized Fe. Deduced velocity dependence transient magnetic field.
IMPAC.

t Present address: Institute of Physics, University of Aarhus, Denmark
tt Present address: Philips' Natuurkundig Laboratorium, Eindhoven, The Netherlands
ttt Present address: Nuclear Physics Laboratory, Oxford 0X1-3RH , England
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SPECTROSCOPIC FACTORS FOR SINGLE-NUCLEON TRANSFER

IN THE A = 21-44 REGION
WVWVWWWWWWWWl,

P.M. ENDT

Fysisch Laboratorium, Rijksuniversiteit, Utrecht, The Netherlands

The present paper is a review of measured spectroscopie factors for

single-nucleon stripping and pick-up reactions leading to bound states in

final nuclei in the A = 21-44 region. All values were recalculated with

the same set of normalization constants. This set leads to internal con-

sistency of the data, i.e. the spectroscopie factors for (d,n) and ( He,d)

are equal within the errors, like those for (p,d), (d,t) and ( He,a). The

same holds for pairs of reactions, exciting mirror states, like (d,p) and

3 3

( He,d), or (p,d) and (d, He), and for pairs of inverse reactions connecting

ground states of stable nuclei, like (d,p) and (p,d). The deviations from

the averages lead to the assignment of a 25% experimental error to individual

measurements. Averaging of the data produces a "best set" of spectroscopie

factors (with errors given), which can be used for comparison with theoreti-

cal calculations. The best valuss obtained generally do not exceed sum-rule

limits.
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PHENOMENOLOGICAL RESTRICTIONS FOR SPIN-ALIGNMENT ATTENUATION

FACTORS IN HEAVY-ION INDUCED FUSION-EVAPORATION REACTIONS

G.A.P. ENGELBERTINK, L.P. EKSTROM, D.E.C. SCHERFENZEEL and H.H. EGGENHUISEN

Fysisch Laboratorium, Rijksuniversiteit Utrecht, The Netherlands

Abstract: Gamma-ray angular distributions for transitions in A = 33-44

nuclei, excited in heavy-ion fusion-evaporation reactions, are

collected from the literature and reduced to spin-alignment

attenuation factors <- and n Phenomenological restrictions for

:i_ and o, are investigated. The present data, characterized by

Lgraz _ 9_i5) firmly establish a >, 0 and support 0 -< a, < a .

The assumption of a Gaussian shape for the magnetic substate

distribution is contradicted by the data.

I. Introduction

Excitation of a given nuclear level by means of heavy-ion induced

fusion-evaporation reactions can in general be accomplished by several

projectile-target combinations for a large range of beam energies.

Gamma-ray angular distributions, measured under different experimental

conditions with respect to reaction and energy, exhibit a striking

similarity, which implies that the magnetic substate distribution of a

particular level does not vary drastically with reaction or energy; a

situation quite contrary to that encountered in reactions with light

ions at low bombarding energies.

This similar population of magnetic substates in heavy-ion induced

reactions is rather well understood.

In the first step the incident particle and the target nucleus fuse
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RECOIL-DISTANCE HEASUROIENTS OF THE g-FACTOR OF 22Ne(2|)

t tt ttf
R.E. Horstman , J.L. Eberhardt , P.C. Zalm, H.A. Doubt and G. van Middelkoop

Fysisch Laboratorium, Rijksuniversiteit, Utrecht, The Netherlands

Abstract: Time-differential recoiL-into-vacuum measurements with a plunger have been

performed on the first-excited 1 = 2 state of 22Ne. The state was populated

with the '*He(I9F,p)22Ne reaction on ^He-implanted foils. The measurements lead

to a g-factor cf |g| = 0.326 _+ 0.012, and to a mean life of T = 5.2 +_ 0.3 ps.

The analysis, which also yields the population of excited two-electron ions,

indicates that the population may depend on the thickness of the 1'-C contamination

layer through which the ions recoil into vacuum.

NUCLEAR REACTIONS '*He(19F,py), E = 38.5 MeV; measured py(6,t) en recoil-intc

vacuum.22Ne level deduced g, T . Implanted ''He target.

1. Introduction
wwwvwwww

1)It has been shown that for the doubly even T = 0 nuclei 2()Ne and 2l*Mg shell-

model calculations generally quite well reproduce the value of the g-factor of the

first-excited state. The computed values for the g-factors are close to 0.5 [rcf. ].

For doubly even T = 1 nuclei the calculated values are generally more jensitive

t Present address: Philips' Natuurkundig Laboratorium, Eindhoven, The Netherlands

tt Institute of Physics, University of Aarhus, Denmark

ttt Nuclear Physics Laboratory, Oxford 0X1-3RH, England.
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SHELL-MODEL CALCULATIONS ON Ni AND Cu ISOTOPES

J.E. KOOPS and P.W.M. GLAUDEMANS

Fysisch Laboratorium, Rijksuniversiteit, Utrecht, The Netherlands

Abstract: Binding energies, excitation energies and spectroscopie factors have

been calculated for 57-67Ni a n d 58-6SCu i n a n unrestricted (2p3 , lf5 , 2pj )

shell-model space. The effective two-body matrix elements are obtained from

the modified surface delta interaction (MSDI) and from a least-squares fit

to experimental binding and excitation energies (ASDI). The average deviation

between about 100 experimental and calculated energies is 0.14 MeV foir MSDI

and 0.08 MeV for ASDI. Excitation energies of high-spin states are given.

Spectroscopie factors have been calculated for all single-nucleon transfer

reactions on stable Ni or Cu targets leading to Ni or Cu isotopes. For

spectroscopie factors larger than 0.4 the average deviation between theory

and experiment is about 30 £. The experimentally observed and calculated

spectroscopie strengths are compared by using sum rules and are found to be

consistent. An extensive compilation has been made of experimental data on

energies, J assignments and spectroscopie factors.
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SPECTROSCOPY OF STATES IN 33S BY MEANS OF NEUTRON-GA'^M

ANGULAR CORRELATION MEASUREMENTS

W.A. STERRENBURG, G. VAN MIDDELKOOP and F.E.ri. VAN EIJKERN

Fysisch Laboratorium, Rijksuniversiteit Utrecht, The Netherlands

33
Abstract: Levels of S for E < 5 MeV have been studied with the

Si(a.ny) S reaction at bombarding energies of E = 7.5 and 10.2 MeV.
a

Neutron-gamma angular correlation experiments lead to three unambiguous

spin and parity assignments: J ^ O ^ ) = 5/2+, J^.OiS) = 9/2+ and

J (4.09) = 7/2 . The measured branching and mixing ratios yield

transition strengths for dipole and quadrupole transitions.

NUCLEAR

ny(0),

mixing

REACTIONS

y-ray decay.

30

33S

ratios. Enriched

Si(a

ded-

ny)

ced

target.

, E = 7.

1 e ve 1 s ,

5,

J,

10.2 MeV; measured

y-branchings and
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Nuclear Deorientation for Heavy Ions Recoiling in Vacuum and Low Pressure Gas

R. Brenn, H. Spehl and A. Weckherlin

Fakult'ât für Physik der Universitât

D 78 Freiburg, West-Germany

H.A. Doubt and G. van Middelkoop

Fysisch Laboratorium, Rijksuniversiteit

Utrecht, The Netherlands

Abstract: Time-differential perturbed gamma-ray angular correlations have

been measured for 1!<8> 15oNd(2 ) recoiling into vacuum and into

helium (v/c = 1.3 %) in the pressure region from 0.75 to 25'Torr.

A model is presented of the perturbation mechanism for recoils

travelling in vacuum, which allows for the hitherto hidden fact

that a hard core of the attenuation exists. In addition, a higher

order modification of the first order Abragam and Pound theory for

random perturbations has to be taken into account at very low pressure.

Supported by the Bundesministerium fur Forschung und Technologic.

Present address: Nuclear Physics Laboratory Oxford OXI-3RH, Great Britain.
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HIGH-SPIN STATES IN 4°K INVESTIGATED WITH THE 26Mg + 6 0 r e a c t i o n .

H.H. EGGENHUISEN, L . P . EKSTROM, G.A.P. ENGELBERTINK, H.J .M. AARTS

and J . A . J . HERMANS

Fysisch Laboratorium, Rijksuniversiteit, Utrecht, The Netherlands

40 40
Abstract: Yrast levels in K and Ar have been investigated with the

Mg( O.pny) K and Mg( 0,2py) Ar reactions at a beam energy of

34 MeV. Gamma-ray angular distribution and y-y coincidence measurements

have been performed with a high-resolution large volume Ge(Li)-Nal(Tl)

Compton-suppression spectrometer. Gamma-ray linear polarizations have

been measured with a three-crystal Ge(Li) Compton polarimeter. The

K decay scheme involves new high-spin levels at E = 4365.6 ± 0.3,

4875.6 ± 0.4 and 6227.0 ± 0.5 keV with lifetime limits of <1, <1 and

<2ps, respectively. Unambiguous spin-parity assignments of J = 5 ,

6+, 8+, 9+ and O,10)~ to the 4 0K levels at E = 0.89, 2.88, 4.37, 4.88 and

6.23 and of j" = 4 + and 6+ to the 40Ar levels at E x = 2.89 and 3.46 MeV,

respectively, have been obtained. Branching ratios and multipole mixing

ratios are reported.

NUCLEAR REACTIONS 26Mg(16O,pnY)
4°K,

 26Mg(16O,2pY)
40Ar,

E = 34 MeV; measured O(E,E ), a(E ,6), YY-coin., f-ray lin.
40 Y Y

polarization; K deduced levels, E , BR, J, it, &, transition
40 X

strengths; Ar deduced levels, J, IT. Enriched targets, Compton

suppression spectrometer, three-crystal Ge(Li) Compton polari-

meter.
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42
SPIN-PARITY ASSIGNMENTS TO YRAST STATES OF K

L.P. Ekström, H.H. Eggenhuisen, G.A.P. Engelbertink,

J.A.J. Hermans and H.J.M. Aarts

Fysisch Laboratorium,, Rijksuniversiteit Utrecht, The Netherlands

Abstract: Low-lying states of **̂ K have been investigated with the

26Mg(18O,pnY)'*2K reaction at beam energies of 25 and 34 MeV.

The experiments consisted of y-ray angular distribution, y-y angular

correlation and linear polarization measurements. A high-resolution

large volume Ge(Li)-NaI(Tl) Compton suppression spectrometer, Ge(Li)

detectors of about 25 % efficiency and a three-crystal Ge(Li) Compton

polarimeter were used. Unambiguous spin-parity assignments of

Jv = 3~, 4~, 3~, 5~, 4 +, 6+ and 7 + for the ^ K levels at

E = 106.78 + 0.02, 258.11 + 0.12, 638.4 + 0.2, 698.79 + 0.17,

1143.2^0.2, 1375.5^0.2 and 1947.2^0.3 keV, respectively, are

obtained. Two, in y-ray work, hitherto unobserved levels at E =* 1143

and 1538.3 +_ 0.4 keV, are established. Multipole mixing ratios and

transition strengths for several transitions are reported.

NUCLEAR REACTIONS 26Mg(180,pny)1(2K, E = 25, 34 MeV; measured o(E ,9),

delayed yrays, YY~coinc,j y-ray lin. polarization; **2K deduced levels,

E , BR, J, IT, <5 transition strengths. Enriched targets, Corapton suppres-

sion spectrometer, three-crystal Ge(Li) polarimeter.

1. Introduction

The odd-odd nucleus K, with 15 known levels below 1.5 MeV, has a

rather high level density. An experimental study of the properties of these

levels is therefore rather difficult. Although these properties have been
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HIGH-VELOCITY DSA MEASUREMENTS IN THE 1-20 ps LIFETIME REGION
VWlAA/WWV^VVW^V^VV'/iA/WV^V

COMPARISON BETWEEN DSA AND RD

J . A . J . HERMANS, G.A.P. ENGELBERTINK, L . P . EKSTRÖM,

H.H. EGGENHUISEN and M.A. VAN DRIEL

Fysisch Laboratorium, Rijksimiversir.eit Utrecht, The Netherlands

Abstract: Mean lives in the range 1-20 ps of low-lying s ta tes of 13C, 16N, 20O and
36C1 have been measured with the Doppler-shift attenuation method by heavy-ion

bombardment of 2H and 3H targe ts . The recoils are slowed down in Mg, Al, Cu, Ag

and Au. The y-ray patterns are observed with a large Ge(Li) detector at 0° in

coincidence with protons; for !3C the patterns are measured in singles with a

Compton-suppression spectrometer. Analysis ^f the Y~ray patterns with ""He-scaled

stopping power data of Northcliffe and Schilling yields the following r e su l t s :

' 3C, T (3.85 MeV) = 12.6 i 0.3 ps; 16N, Tm(0.40 MeV) = 5.1 ± 0.3 ps; 20O,

T (1.67 MeV) = 9.8 ± 0.7 ps; 36C1, T (0.79 MeV) = 19.9 t 1.7 ps , T (1.16 MeV) =
m tn wi

9 2 i 0.6 ps and x (1.60 MeV) = 0.94 ± 0.06 p s . A comparison with r e s u l t s ob ta in-
Tn

ed with the r e c o i l - d i s t a n c e method shows agreement to about 10 %, with a s l i g h t

tendency to somewhat longer l i fe t imes for the r e c o i l - d i s t a n c e technique. The

above stopping power i s also used to reanalyze our previously published measure-

ments. The new mean l ives d i f f e r l ess than 4.5 % from the previous r e s u l t s .

NUCLEAR REACTIONS 2H( !

3 H( I S O,p Y ) , E -

measured y-ray
deduced t .m

= 20 MeV;

Doppler

2 C , P Y ) ,
2H(3 2S,

patterns

E = 15

PY) , E

. 1 3 c ,

MeV;

= 38
1 6 N,

3 H ( 1

MeV;

20O,

''N,PY)
2 H ( 3 5 Cl

3!

E = 12 MeV;

,PY), E = 50 MeV;

Cl l e v e l s ,

54



9. CONFERENCE CONTRIBUTIONS

E.P.S. CONFERENCE, Caen (France), September 1976.

H.H. Eggenhuisen, G.A.P. Engelbertink, M.A. van Driel, L.P, Ekström and
J.A.J. Hermans,
"The lowest J* = 8 level in 3aAr".

L.P. Ekstrom, H.H. Eggenhuisen, G.A.P. Engelbertink, J.A.J. Hermans and
H.J.M. Aarts,
"Angular correlation measurements with the 26Mg('8O,pnY)'l2R reaction".

J.A.J. Hermans, G.A.P. Engelbertink, H.H. Eggenhuisen and L.P. Ekström,
"Coincident high-velocity D3A measurements in the 5-25 ps lifetime region",

NETHERLANDS PHYSICAL SOCIETY, SPRING MEETING, Amsterdam, April 1976.

M.A. van Driel, H.H. Eggenhuisen, L.P. Ekström and G.A.P. Engelbertink,
"Investigation of high-spin states in 3^Ar, ''"Ar and '•"K".

J.L. Eberhardt, R.E. Horstman, P.C. Zalm and G. van Middelkoop,
"Large transient magnetic fields in Fe".

F.E.H. van Eijkern, G.A. Timmer and P.N.M. Glaudemans,
"Shell-model calculations in A = 28-32 nuclei".

J.A.J. Hermans and G.A.P. Engelbertink,
"A comparison between the Doppler shift attenuation and recoil-distance
method in the 10-30 ps lifetime region".

R.E. Horstman, P.C. Zalm and G. van Middelkoop,
"Transient field measurements in a Fe single crystal".

J.E. Koops and P.W.M. Glaudemans,
"Spectroscopie factors and sum rules for the Ni and Cu isotopes".

J.W. Maas, R.J. Elsenaar and R.J. Sparks,
"Precision measurement of proton- and alpha-particle beam energies and
the 27Al(p,a)21<Mg reaction Q-value". >

G.A. Timmer, F. Meurders and P.J. Srussaard,
"The use of decay properties in a phenomenological determination of the
shell-model hamiltonian".

NETHERLANDS PHYSICAL SOCIETY, FALL MEETING, Groningen, October 1976.

H.H. Eggenhuisen, L.P. Ekström, G.A.P. Engelbertink, J.A.J. Hermans and
H.J.M. Aarts,
"High-spin states in ll0K".

R.J. Elsenaar, R. Verbey and G.J. Nooren,
"The recommended upper limit for isospin retarded Ml transitions".

J.W. Maas and P.M. Endt,
"Spin and parity assignments of bound states in 27A1".

W.A. Sterrenburg and G. van Middelkoop,
"Nuclear spectroscopy in 27Si".

P.C. Zalm and G. van Middelkoop,
"Transient magnetic fields at high velocity".



10. LECTURES BY STAFF MEMBERS

P.M. Endt,
"Proton capture at low energies",
Nice, 25 June 1976.

P.M. Endt,
"Nuclear physics in Utrecht",
Haifa, 15 November 1976.

P.M. Endt,
"Very large transient magnetic fields",
Amsterdam, 18 December 1976.

G. van Middelkoop,
"Atomic excitations and magnetic dipole moments of short-lived nuclear states",
Groningen, 19 February 1976.

G. van Middelkoop,
"Hyperfine interactions",
Louvain-la-Neuve, 23 April 1976.

G. van Middelkoop,
"High transient,magnetic fields caused by atomic collisions",
Noordwijkerhout, 18 October 1976.

G. van Middelkoop,
"Atomic-nuclear physics",
Orsay, 8 November 1976.

G.A. Timmer,
"Some recent results of shell-model calculations",
Amsterdam, 17 December 1976.

P.C. Zalm,
"A simple model for electric quadrupole moments",
Utrecht, 10 December 1976.

57



11. PH.D. THESES

M.A. van Driel,
"Investigation of heavy-ion induced reactions with a Compton-suppression
y-ray spectrometer",
Utrecht, 13 September 1976.

F.E.H. van Eijkern,
"Experimental studies on 3 2P and shell-model calculations in A = 28-32
nuclei",
Utrecht, 24 March 1976.

J.W. Maas,
"Investigation of 27A1 and 2 8Si level schemes",
Utrecht, 15 September 1976.

R.J. Sparks,
"Investigation of the 31+S(p,Y)35Cl reaction and resonant absorption applied
to the excitation of bound states",
Utrecht, 12 April 1976.

G.A. Timmer,
"An investigation on wave functions of sd-shell nuclei",
Utrecht, 20 October 1976.

H.F. de Vries,
"Model calculations on Zn and Ge nuclei",
Utrecht, 30 June 1976.

59


