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Connection to experiments

Making predictions for an experiment is much better achieved if the person
performing the calculation is aware of the experimental details. In this chap-
ter some of the important issues to take into consideration when modelling
a reaction are addressed. There is such a wide variety of experiments con-
necting to astrophysics: the direct measurements (e.g. (p; ° ), (n; ° ), (®; °)),
performed at low energy, are obviously important but there are also many
indirect measurements (e.g. Coulomb dissociation method section 14.4.1), a
large fraction of which make use of higher energy facilities. Many of the fore-
front research involve radioactive beams while there are still some important
rates to determine using stable beams.

Since a large part of the research activity is taking place inrare isotope
facilities, we will ¯rst focus (Section section 13.1) on somespeci¯cs of these
facilities, where the exotic nuclei are produced, including both low and high
energy laboratories. Next, Section section 13.2 focuses ondi®erent aspects
of present day detectors that need to be considered when performing cal-
culations to compare with data. Finally, in Section section 13.3, a variety
of experimental programs of direct measurements involvingless exotic par-
ticles (which can then form a target), not covered in the previous sections,
are brie°y mentioned. Included are reactions with i) light charged-particle
beams (protons and alphas), ii) neutron beams and iii) photon beams.

13.1 New accelerators and their methods

Many of the studies at the forefront of nuclear physics research involve un-
stable nuclei. The ¯rst step in an experiment with radioactiv e beams is the
production of the radio-isotope of interest. The standard setup for experi-
ments with radioactive beams thus contains an ion source from which stable
ions are extracted, the accelerator, that gives energy to the primary beam
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and the production target where the exotic species are produced and focused
into a radioactive nuclear beam (RNB). In some cases furthermanipulation
of the RNB is required in order to obtain a beam with speci¯c properties. It
is with this secondary beam that experimental studies are performed. Thus
there is still a secondary target and ¯nally the detectors. Beam properties
are to be kept in mind when performing reaction calculationsand other
important considerations are associated with the detection system.

13.1.1 Beam production

The ¯rst element in an accelerator facility is the ion source. Almost all ion
sources consist of a gas kept at high voltage in a plasma phasefrom which,
in a more or less selective way, ions are extracted. There area large number
of ways to con¯ne the plasma which give rise to a variety of ion sources [3].
These technical aspects are not a concern for the reaction modelling.

Techniques to produce RNBs can be essentially divided into two broad
categories: i) fast fragmentation (FF), ii) isotope separator on-line(ISOL).
In fast-fragmentation, the primary beam is a heavy ion with high energy and
the target is relatively thin ( ¼ 100 mg/cm2), such that, after the collision
with the target, the fragments do not loose much energy (> 50 MeV/u) and
no reacceleration takes place. One of the ¯rst realizations of this technique
was performed in Berkeley [6]. The beam produced is a cocktail beam that
needs to be puri¯ed and focused with electromagnetic devices. Degraders
can be used to reduce the energy of the beam, if it turns out to be convenient
for the observable to be measured. However one needs to compromise, as the
use of degraders reduces the quality of the beam (beam spot size increases
as well as energy and angular spread). Wedges are often introduced in the
beam line as a way to purify the beam although in some cases they can also
reduce the energy spread. Examples of fast-fragmentation facilities include
NSCL (USA), GSI (Germany), RIKEN (Japan), and GANIL (France ).

In the ISOL technique, light particles (typically protons) are driven into
a thick target, typically of a heavy element such as Uranium. The thickness
of the target and the beam energy are matched so that the beam is stopped.
The radioactive species di®use out of the target and need to then be ex-
tracted and reaccelerated to energies up to 10 MeV/u [4]. In these facilities,
the chemistry is a limiting factor thus only a number of species can e®ectively
be extracted. Examples of ISOL facilities include TRIUMF (Canada), REX-
ISOLDE (Switzerland), SPIRAL/GANIL (France) and Oak-Ridge (USA).

Other techniques exist. The Ion Guided Isotope Separation On-Line
(IGISOL) consists on a variation of the ISOL technique where the beam
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is not completely stopped [1]. There are only two implementations of this
technique: one at Louvain-la-Neuve (Belgium) and the other atJyvaskula
(Finland). Also one can extract radio-isotopes from the coreof a reactor as
the planned Munich Accelerator for Fission Fragments (MAFF) in Germany
[2]. Finally a few radioactive beams can be produced using speci¯c reactions
as in the case of ATLAS, Texas A&M, and Notre-Dame, all in the U.S.

More than the ion sources, the method of acceleration in°uences the qual-
ity of the secondary beam, namely its energy spread, beam spot size, mo-
mentum structure and of course intensities. Cyclotrons arefrequently used
in fast-fragmentation facilities, for example: GSI (> 200 MeV/u primary
beam), RIKEN ( ¼ 100 MeV/u primary beam), NSCL ( ¼ 100 MeV/u pri-
mary beam). These typically produce pulsed secondary beamsthat have
large energy spread (of the order to 10%), a beam spot of> 2 mm2 and
a distorted momentum phase space which makes focusing harder. Also the
energy range is constrained by the primary beam, since reducing the sec-
ondary beam energy degrades its properties. Regardless, fast fragmentation
facilities can produce a very large variety of exotic species and usually have
the largest intensities.

Tandems and LINACS are linear accelerators often used in lowenergy
facilities such as those using the ISOL technique. They are characterized by
a very good energy resolution, beam spot size less than 1 mm2 as well as
small angular spread. There is also a choice of energies for the ISOL beams,
but they are typically of lower energy, as otherwise these would become too
costly (for a linear accelerator, the higher the beam energyrequired, the
larger the facility needs to be). Here, though, there is a limit to intensities
due to space/charge e®ects in the extraction from the target area [5]. Note
that cyclotrons and LINACs produce pulsed beams (RF structure) whereas
Tandems can produce continuous beams, both are equally suited for reaction
studies. Beams at Notre-Dame and Oak Ridge are accelerated with Tandems
(among the older facilities), whereas LINACs are used for reacceleration at
ATLAS, ISOLDE, and TRIUMF.

Another advantage of fast-fragmentation facilities is that they can study
nuclei with much shorter lifetimes than the ISOL facilities . This is due to the
fact that di®usion out of the production target takes time, and for nuclei with
lifetimes shorter than seconds, by the time it is extracted and reaccelerated,
the isotope has already decayed. In fast-fragmentation facilities, secondary
beams with lifetimes down to ¹s can be used.

Finally, there is a correlation between the beam energy of a facility and
the physics that can be done. Experimental programs at low energy facilities
focus on fusion (Chapter 7), transfer (Chapter 14) or breakup (Chapter 8) at
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Fig. 13.1. Illustration of a fast fragmentation facility: Nati onal Superconducting
Cyclotron Laboratory.

Fig. 13.2. Illustration of an ISOL facility at TRIUMF.

the Coulomb barrier, whereas fast-fragmentation facilities measure Coulomb
excitation, breakup, knockout and charge-exchange reactions (Chapter 8)
well above the barrier.
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13.1.2 An example of a fast-fragmentation facilty

The coupled cyclotron facility at the National Superconducting Cyclotron
Laboratory presented in Fig. 13.1 is an example where exoticspecies are
produced through fragmentation. A stable heavy isotope is extracted from
an electron cyclotron resonance (ECR) ion source. This primary beam is fed
into the ¯rst superconducting cyclotron (K500) and follows i nto the second
one (K1200). These two cyclotrons accelerate the beam to 80¡ 160 MeV/u.
Finally the primary beam collides with the production targe t, generating a
cocktail of nuclei, among which are the exotic nuclei of interest. The follow-
ing sequence of electromagnetic devices consists on the fragment separator
A1900 [7] which provides the selectivity and focusing for the secondary beam
to be guided to the ¯nal target.

13.1.3 An example of an ISOL facilty

The ISAC facility at TRIUMF, presented in Fig. 13.2 is an example of an
ISOL machine. The primary beam consists of a very intense beam of 500
MeV protons accelerated in the largest non-superconductingcyclotron in
the world. These collide with a thick Uranium target, which f unctions as an
ion source for the secondary beam. The radioactive nuclei are extracted and
go ¯rst through a high resolution mass separator. The beam of the nucleus
of interest is then accelerated in a LINAC which in its ¯rst con struction
phase can attain a few MeV/u.

13.2 Detection

A fast evolving area is that of detector development. The materials used
and the electronics are both important components for the developer but
rather irrelevant for the reaction modelling. However a fewaspects need to
be consideredy. In reactions with RNBs one may be interested in measuring:
i) light or heavy charged particles, over a large energy range; ii) neutrons,
specially in reactions with nuclei on the neutron drip-line; iii) gamma-rays,
for identi¯cation of ¯nal states.

In RNB experiments, one often works with cocktail beams (containing a
mixture of isotopes with similar charge over mass ratio). A spectrograph
for particle identi¯cation which can also measure energies is an essential
tool in the analysis of the fragments coming out from the reaction area. In
Fig.13.3 we show a picture of a high-resolution, large acceptance magnetic

y Note that, even though here we focus on detectors used in RNB e xperiments, many aspects
are equally important for stable beam experiments.
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Fig. 13.3. The magnetic spectrograph at NSCL: S800

spectrograph (S800) that is able to separate the various reaction products
and focus them into the detector plate.

As the secondary beams are cocktails and the targets are typically a mix-
ture, there can be a background from other radionuclides that needs to be
subtracted (a simple example is the (d,p) reaction in inverse kinematics
where one has the Carbon background from the composite used in solid
deuteron targets). The subtraction is usually possible when the contami-
nant has well known properties but it is an additional complication. An
example can be seen in the measurement [8] of9Li(d,p) 10Li where the Car-
bon background is large and angular ranges where chosen to clean the data.
Often preferred, experimentalists also devise speci¯c tagging techiques that
can produce cleaner observables.

In many cases, the secondary beam nucleus to be studied is heavier than
the target nucleus. Inverse kinematic imposes speci¯c technical challenges.
As seen in Chapter 2. inverse kinematic squeezes the angularrange for the
reaction products moving in the forward direction. Detectors need to be put
at very forward angles (where the elastic background may be large) and the
angular resolution requirements can be as large as 10¡ 2 degrees,¼ 103 times
better than in normal kinematics. Light-particle detection is very dependent
on the setup and properties of the target. For example in (d,p) reactions
in inverse kinematics, protons need to be detected at forward angles in the
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Fig. 13.4. Picture of a segmented charged particle array: MUST

Fig. 13.5. Illustration of the usual setup for (d,p) reaction in inverse kinematics at
Oak Ridge National Laboratory

laboratory but also at backward angles. In Fig. 13.4 an example of a such
a light charged particle detector is shown. Each detector is̄nely striped to
obtain the angular precision needed.

Another aspect that is equally challenging is the energy of the charged
particles to be detected. There is a large variation over angle (sometimes of
orders of magnitudes) in the energy of the outcoming fragment. Since there
is no one detector that can measure energies in such a large range, in some
cases particular angular cuts are made.

If the target is thick, there is an additional complication: one cannot
determine accurately the energy of the outcoming fragment at the time of
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Fig. 13.6. Illustration of the DALI2 gamma array used at RIKEN

the reaction. Using again the (d,p) reactions as an example,where as in
the traditional normal kinematics, measuring the proton would be su±cient
for a meaningful analysis, in some inverse kinematic experiments with thick
targets, both outcoming particles need to be detected. An example is the
setup used to measure (d,p) reactions at Oak Ridge schetchedin Fig. 13.5.

If the RNB intensity is low, as is typically the case for many of the fore-
front studies, detector e±ciency and acceptance become important issues.
The e±ciency of gamma arrays is far from ideal (can vary from 1-30%) and is
normally traded for resolution. Gamma e±ciency is very energy dependent
and the e±ciency curve should be measured for every experiment and folded
with the theoretical prediction. One complication occurs when gamma rays
are emitted in-°ight at very high velocities because then they have large
Doppler shifts. Gamma ray spectra in the projectile reference frame are
event-by-event Doppler reconstructed and granularity of the gamma array
is needed to determine the gamma emission angle that enters this recon-
struction. An example of a gamma array is the dali2 detector from Japan
with 25% e±ciency and high granularity (see Fig. 13.6).

Neutron detectors are usually placed downstream and need tobe phys-
ically extended to cover a signi¯cant angular range. Acceptance and e±-
ciency require special attention. In experiments involving neutron charge-
particle coincidences, theoretical predictions sometimes need to be processed
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Fig. 13.7. Picture of the modular neutron array MONA at NSCL

through appropriate monte-carlo simulations. An example isthe large neu-
tron array MoNA at the NSCL, shown in Fig.13.7.

Due to limited production yield or detection e±ciency, in man y cases only
inclusive measurements are performed. In such cases, reaction predictions
become generally less reliable, especially if it is not possible to calculate all
the various processes included in the data in the same theoretical framework.
Even when there is just one dominant reaction channel, it is desirable that
theorists make the predictions of the appropriate integrated observable in
the laboratory system. When this is not done, experimentalists need to
reconstruct c.m. observables based on approximations which can become
very inaccurate. For example, let us consider the breakup ofA ! B + x.
In the experiment, the angle ofB is determined. Theorists would normally
produce cross sections as a function of the c.m. angle of the group B + x. If
x is not detected, a simple mass relation has sometimes been used to guess
the µexp(b) ! µc:m: (b) transformation. Predicting the full theory multiple
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Fig. 13.8. Typical setup for complete kinematic experiments at GSI

di®erential cross section and partially integrating the appropriate observable
to compare with the data is important for an accurate analysis.

The future points toward complete kinematics, where all outcoming par-
ticles are detected as well as an identi¯cation of possible excited states.
Examples of triple coincidence measurements are no longer rare. In Fig.13.8
we show a setup at GSI where all three, neutrons, photons and charged
particles are measured in coincidence. Such a setup allows for instance the
measurements of breakup of neutron rich isotopes into speci¯c states of the
core (e.g. [9]). The gamma array surrounds the target while the outcoming
particles go through a powerful magnet that bends the charged particles
into their detector providing particle identi¯cation and mo mentum analysis.
Neutrons are not bent and therefore go straight into the LAND detector.
Throughout the beam lines there are tracking devices to enable energy deter-
mination through time of °ight. The drawback of this type of ex periment is
the level of complexity of the devices. In many cases, a comparison with the
data will require folding the theoretical prediction with m onte-carlo simula-
tions for the detectors. Again here it is necessary that the theory produces
multiply di®erential cross sections in the appropriate lab frame.

13.3 Direct Measurements

There are several important programs that involve direct measurements for
astrophysics. For reaction rates involving charged particles such as (p; ° ) and
(®; °), usually small accelerators are used. We also need many (n; ° ) rates
and those require intense beams of neutrons for which there are dedicated
facilities. Finally, sometimes the photonuclear reactionrate is the preferred
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measurement and techniques to make photon beams are well developed. In
this section we cover these three cases.

13.3.1 Charge-particle beams

At temperatures of stellar burning, the cross sections of charge particle in-
duced reactions are extremely small because of the low tunnelling probability
through the Coulomb barrier. Instead, high energy data are often extrapo-
lated down to stellar energies which introduces uncertainties in the reaction
rates. However, structure in the continuum can make these extrapolations
unreliable.

At the astrophysical prohibitingly low energies, it is crucial to eliminate
any source of background. To eliminate cosmic ray and other background
particular to the experimental setting, experiments are performed with com-
plex coincidence schemes. Such is the option followed at theLaboratory for
Experimental Nuclear Astrophysics (LENA) located at the Tr iangle Uni-
versities Nuclear Laboratory. A Van de Graaf accelerator supplies proton
beams of several hundred keV. Targets are produced with techniques that
allow to remove surface impurity (reducing beam-induced background) and
are monitored during the experiment. Prompt gamma rays are detected
and analysed. Examples are the14N(p; ° )15O [10] and 17O(p; ° )18F [11].
Slightly di®erent are reactions such as (p; ®) often appearing in Novae sce-
narios. These have challenges of their own which will not be addressed here
(see e.g. [12] or [13] for details).

One e®ective solution to the cosmic ray background is to go underground.
In Fig. 13.9 we show the interior of the Laboratory for Underground Nuclear
Astrophysics (LUNA) located in the Gran Sasso mountain as anexample of
such a facility. The accelerator produces® particles of several keV and due
to its location, the experimental hall is well shielded against cosmic rays.
The 3He(®; °)7Be was previously the most uncertain rate in the pp-cycle
(> 10%). With the new LUNA measurement the uncertainty was reduced
to 4%.

In explosive scenarios one typically needs to know capture rates on ra-
dioactive nuclei. Focused experimental programs coupled to radioactive
beam facilities, have been developed to address these issues.

Radioactive beam facilities such as Louvain-la-Neuve are often used for
direct measurements in inverse kinematics. An example is18Ne(®; p)21Na
[15]. For this experiment, an ISOL beam (see section 13.1) ofseveral tens of
MeV of 18Ne is produced and degraded to interact with a helium gas target.
For long lived isotopes, radioactive targets are an option. The production
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Fig. 13.9. Laboratory for underground nuclear astrophysics

and handling of a radioactive target is di±cult and not many fa cilities are
willing to use them (in many countries regulations prevent them from doing
so), to avoid contamination.

Coupled to the ISAC-TRIUMF facility (see section 13.1) the DRAGON
mass spectrometer (see Fig. 13.10) was built to measure the rates of some
particular capture reactions. A radioactive nuclear beam from ISAC goes
through a gas target with either hydrogen or helium. In order that the
beam may pass unobstructed, an opening is located on either side of the
target which posses some technical problems because the beamline should
be kept close to vacuum. Gas is pumped away from the beamline but target
thickness needs to be carefully controlled so that accuracyis not lost. The
products of the capture reaction go through the mass spectrometer, which
separates the products from the original beam, and are guided into the
detector. An example of an experiment using this setup is the26Al( p; ° )27Si
[16], an important reaction to understand the observed galactic abundancies
of 26Al.

Last but not the least, fusion reactions involving heavier nuclei can have
a critical role in several stellar burning scenarios. Stable beam accelera-
tors can often be used. An experiment using this type of facility measured
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Fig. 13.10. Dragon mass separator for measurements in astrophysics

the 12C+ 12C fusion by ° -rays originating from the ®,p and n evaporation
channels [17].

13.3.2 Neutron beams

For the s-process and the r-process, it is important to know (n; ° ) reaction
rates. These have traditionally been measured at small van der Graaf ac-
celerators which, through a charge exchange reaction such as 7Li(p,n) 7Be,
produce a small °ux of neutrons with well de¯ned energy. An example of this
application can be found at Karlsruhe [18]. A large astrophysics program
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Fig. 13.11. Neutron time of °ight facility at CERN.

at CERN called n-TOF (neutron time-of-°ight) is devoted to a syst ematic
study of (n; ° ) reactions. There a high intensity proton beam of 20 GeV is
used to produce a neutron beam through spallation on a lead target. This
produces a very intense white neutron spectrum which is monitored through
time-of-°ight. The ¯rst experimental vault is nearly 200m downs tream from
the production target which enables a very good energy resolution of the
beam. A brief layout is present in Fig.13.11. Beam energies ranging the
extremely low (1 eV) to very high (250 MeV) are all possible. Prompt ° -ray
cascades are used to register the neutron capture events. Systematic studies
are being performed on a variety of targets. The recent neutron capture on
204Pb [19] is a good examples, where data was collected from 1 eV to 440
keV.

13.3.3 Photon beams

Sometimes accurate measurements of the capture rate is moredi±cult than
measuring the photonuclear cross section. Facilities coupled to electron
beams have been developing photon beam capabilities to be able to face
this challenge. One possibility is to use an aluminium radiator to convert
the electron beam into bremsstrahlung radiation. This is the method used at
MAX-lab, in Sweden, a tagged-photon facility. The resulting photon beam is
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collimated before hitting the target. An application of thi s method was the
measurement of4He(°; n ) [20] which used a liquid target. The outcoming
neutrons were detected in liquid-scintallator arrays.

Polarized photons have the added value of providing information on the
analyzing power and consequently of the various multipole contributions to
the cross section. The High Intensity Gamma-ray Source (HIGS) at the
Duke Free-Electron Laser (FEL) laboratory produces pulses of polarized
photons. Electrons from a linear accelerator are injected into a storage ring.
These go through an undulator which cause the bunch to produce a pulse of
linearly polarized photons. These photons interact with the second electron
bunch su®ering Compton scattering which allows a clear separation of pho-
ton energies according to scattering angle. The resulting Compton scattered
photon beam has a very small energy spread [21]. The ¯rst measurement of
the d(° ; n)p analysing power was performed using exactly this method [22].
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