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Why high resolution?
• Limitations of moderate resolution γ-ray arrays (7 - 10%)

• High γ-ray density and high energy γ-rays (> 2 MeV)

• Gating on photo peak 
becomes impossible

• Example shown: one-neutron 
knockout on 35Si (J. Enders et 
al., PRC 65, 034318

• Such issues led in part to the 
construction of the SeGA 
array at the NSCLcalculations. These have been performed at an incident en-

ergy of 70.6A MeV, such that the centroid of the calculated
s1/2 distribution coincides with that of the data. The d3/2 and
d5/2 distributions were obtained without further adjustment.
The centroids of both distributions are in good agreement
with the data, and the position of the peak of the d3/2 distri-
bution, which is shifted with respect to the other two distri-
butions, originates from the asymmetry induced by the spin
coupling term !20". While the maximum of the calculated
s-wave removal distribution agrees with the experimental
data without further adjustment, the d3/2 and d5/2 distribu-
tions have been rescaled by 1.32 and 0.7, respectively. The
neutron optical potential used was close to those of Ref. !20"
for a neutron-target energy of about 70 MeV. An imaginary
volume term has been added whose effect is to improve
agreement between the calculated and experimental free
neutron-target cross sections. The use of a spin-orbit interac-
tion is essential in producing the difference between the d3/2
and d5/2 distributions. The core survival probability, at each
impact parameter, was parametrized with a smooth cutoff
function as in Ref. !20" with a strong absorption radius Rs

!7.35 fm and diffuseness of a!0.6 fm. The absolute cross
section values and optical potential parameters are given in
Tables II and IV, respectively.
The total cross sections, obtained by integration of the

momentum distributions, are in good agreement with the ei-
konal values, see Table II. The breakup cross sections from
the s state are the same, which shows a certain insensitivity
to the details of the neutron-target S matrix. For knockout
from d orbitals the values from the TC model are somewhat
smaller values than those from the eikonal model !40".

V. THE 9Be„35Si,34Si…X AND THE 9Be„37S,36S…X
REACTIONS

Figure 5 shows the measured #-ray spectrum for the
9Be(35Si,34Si"#)X reaction. The histogram displays the
measured data. One recognizes four structures around 500,
900, 3300, and 4200 keV. A careful inspection of the spec-
trum, however, reveals that the data cannot be described ap-
propriately by these four transitions only plus a single expo-
nential function to model the background. One would have
to assume a slope and an absolute amount of the continuous
background distribution that would deviate significantly
from previous measurements !11,32" and also from the re-
sults obtained for 34Si.
In addition to the aforementioned four transitions, further

transitions in 34Si are known from the $# study of Ref. !30".

However, an unambiguous placement of the # rays of Ref.
!30" is not always possible, neither is there a one-to-one
correspondence between the proposed excited states and the
shell-model calculation. Using the spectroscopic information
of Ref. !30", the #-ray spectrum in coincidence with the
reaction residues has been fitted using a single exponential
function for the description of the background and eight
simulated line shapes. The results are shown in Fig. 5 as
dotted and dashed lines, respectively. In this case, the param-
etrization of the continuous exponential distribution yields
values comparable to those deduced for the neutron removal
from 34Si. However, a disagreement between the overall fit
%double solid line in Fig. 5& and the measured data is clearly
visible and indicates the possibility of an even more complex
spectrum.
Table V shows the quantitative results of the fit shown in

Fig. 5. The #-ray energy E# is given with the possible quan-
tum numbers and excitation energies of the initial and final

TABLE IV. Neutron-target optical potential parameters used in

the transfer to the continuum calculations. For the parametrization

of the potential see, e.g., Ref. !39".

Strength Range Diffuseness

%MeV& %fm& %fm&

Real 28 1.2 0.387

Imaginary 27.9 %surface&/6.9 %volume& 1.368 0.3

Spin-orbit 5.5 1.15 0.5

FIG. 5. Same as Fig. 1 for the (35Si,34Si) reaction. For the

description of the spectrum, known transitions !30" in 34Si have

been used. The shape and absolute amount of background # rays

agrees with the result obtained from the (34Si,33Si) #-ray spectrum.

TABLE V. Electromagnetic transitions in 34Si following the

neutron knockout from 35Si. The energies of the #-ray transitions
have been taken from Ref. !30". Shown are the photon energy E# ,

possible initial and final states %angular momentum, parity, and ex-
citation energy&, and the probability for emitting a specific # ray in
the knockout process from a fit to the experimental spectrum %see
Fig. 5&. Question marks indicate ambiguities in the level scheme.

E# Ji
' ;Ex ,i J f

' ;Ex , f b

%keV& ((;keV& ((;keV& %%&

123 (3#,4#,5#);4379 31
# ;4257

591 (3#,4#,5#);4970 (3#,4#,5#);4379 14%3&
929 31

# ;4257 21
" ;3326 33%4&

1053 (3#,4#,5#);4379 ? 21
" ;3326 ? 4%2&

1193 21
" ;3326 ? (02

");2133 ? 8%2&
1715 ? ? 12%4&
2696 ? ? 5%2&
3326 21

" ;3326 01
" ;0 54%3&

4257 31
# ;4257 01

" ;0 7%1&
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What are the issues?
• High energies are good for projectile fragmentation

• Can use thicker targets to increase luminosity

• Better collection of fragments in acceptance of fragment separator

• Not so good for high resolution in-beam γ-ray spectroscopy

• Doppler shift accentuated

• Lifetime effects accentuated

• Background increased

• Are there any solutions?



Doppler shift
• γ-ray energy resolution

• Contribution from uncertainty in γ-ray 
angle Δθ

• Contribution from uncertainty in 
particle velocity Δβ

• Both contributions scale with 
velocity

• Matching intrinsic resolution of high 
resolution detectors becomes 
increasingly difficult with higher energy

• T. Glasmacher, Annu. Rev. Nucl. Part. Sci. 1998. 48:1–31

Solid line: 50 MeV/u

Dashed line: 150 MeV/u

Dotted line: 300 MeV/u

Δθ

Δβ



Angular resolution / efficiency
• Required angular resolution

• Use Doppler resolution formula the 
other way to calculate necessary angular 
resolution to keep γ-ray energy 
resolution

• Fixed position resolution implies moving 
array away from target

• Efficiency loss

• Solid angle coverage scales with r2

• Efficiency roughly scales inversely with 
energy
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Energy resolution
• Keep angular resolution and solid angle

• Energy resolution worsens 
with increasing beam energy

• At some level, high intrinsic 
resolution of detector 
becomes irrelevant

• γ-ray tracking

• With Gretina 0.7° resolution, 
energy resolution can stay 
under control
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Lifetime
• Effects of larger velocities

• Loss of resolution and deformation 
of photo peak shape

• Possibility to determine lifetime

• Example shows 336 keV transition 
which has a lifetime of 1.3+0.03-0.24 ns

• Monte-Carlo simulation

• Resolution actually first improves 
slightly due to better determination 
of velocity

• From J. R. Terry, PhD thesis, NSCL ‘06
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Solutions?
• Use high efficiency array and γ-γ coincidences

• Relies on “get lucky” policy where γ-ray energies don’t overlap

• Example: 33Mg experiment only possible when using γ-γ coincidences
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Solutions?
• Slow down the radioactive beams

• Emittance growth is inevitable, but can be overcome via tracking

• Reactions in slowing material will contaminate radioactive beam

• Example: slowing some of RIBF radioactive beams to 100 MeV/u

Fragment 
of Interest

Primary
Beam

Energy 
(MeV/u)

Target 
Thickness 

(mm)

RIB Energy 
(MeV/u)

Slowing 
Material 

(mm)

Angular 
Straggling 

(mrad)

Energy 
Straggling 

(%)

34Mg 48Ca 350 16 268 39 12 1.3
80Zn 86Kr 350 7 256 13 7.4 0.81
111Zr 124Sn 350 5 256 10 6.2 0.68
140Sn 238U 345 4 237 7 5.5 0.56


