
A spectrometer for knockout reactions @ FRIB

• FRIB will champion production of neutron-rich nuclei	



• Mass > 100 regions at energies ~ 100 - 200 MeV/u	



• Neutron-rich beams with Bρ ~ 7 T.m.	



• 1-2 proton knockout leads to residues with similar or higher Bρ	



• Knockout reactions remove at most 2 nucleons	



• Bρ difference between residue and unreacted beam shrinks with 
increasing mass (also true for other reactions)	



• Good resolution and/or dispersion matching are needed to 
reject unreacted beam from focal plane	



• For instance, a 1% ∆P/P incoming beam would overlap with A=99 
residue from A=100 projectile



Angular momentum identification

• Angular momentum of the 
removed nucleon	



• given by the shape of the p// 
distribution of the residue	



• Good resolution needed to 
identify angular momentum 
from shape of parallel 
momentum distributions	



• Compromise between statistics 
and resolution	



• Example: 90Zr - 1 neutron	



• Statistics of 200 counts

S imulat ion o f the long i tud ina l 
momentum distribution of 89Zr from 
the neutron knockout of 90Zr, assuming 
the valence neutron is either in the 
1f5/2 or 1g9/2 orbital. A resolution of 
1/1000 in momentum is needed to 
identify the angular momentum from 
the shape of the simulated 1g9/2 
momentum distribution.



PID considerations for A > 100

• Identification of the mass of the residue	



• Relies on time-of-flight between reaction target and focal plane	



• Trajectory length corrections needed from FP tracking detectors	



• Flight path long enough and time resolution good enough	



• Example: 1p knockout from 138Sn @ 200 MeV/u	



• 137In residue TOF in 15m is 93 ns	



• Time resolution needed (combined start-stop): 600 ps	



• Present limit in S800	



• TOF is typically 100-150 ns, flight path is 15m, stop scintillator is 60x30 
cm2, combined resolution ~ 1 ns	



• Can resolve up to A ~ 100 after flight path corrections



Examples from S800

More recently, indirect predictions of the proton sepa-
ration energy, represented by the open circles in Fig. 2,
were obtained by combining mass measurements of 68;69Se
with estimates for the Coulomb displacement energy
(CDE) [17–24] that accounts for the mass difference of
69Br and 69Se. For example, precise mass measurements of
69Se [23] and of 68Se [24] using the Low Energy Beam and
Ion Trap (LEBIT) high-precision Penning trap facility [25]
have reduced the uncertainties in the masses to negligible
values of 1.5 keVand 5 keV, respectively. Combining them
with a calculation of the CDE [26] yielded an estimated
value of Sp ¼ "636ð105Þ keV where the uncertainty is
dominated by the estimated contributions from the theo-
retical CDE predictions.

In this Letter, we report on the first direct measurement
of ground-state one-proton decay from 69Br. This result
accurately constrains the 2p-capture branch of the astro-
physical rp-process 68Se waiting point to be <0:25%
(within 1!), which is sufficient to demonstrate that it can
be neglected in present type I x-ray burst models.

The experiment was performed at the Coupled
Cyclotron Facility of the National Superconducting
Cyclotron Laboratory (NSCL) using a secondary beam
composed primarily of 69As (23.9%), 70Se (66.7%), and
71Br (9.4%) produced by fragmenting a 140 MeV=nucleon
78Kr primary beam on a 775 mg=cm2 9Be target.
Fragmentation products were selected using the A1900
fragment separator [29] and directed onto a 5:4 mg=cm2

polypropylene ðC3H6Þn reaction target in the S800 spectro-
graph target chamber [30].
Protons emitted in reactions with the target were detected

by 16!E-E telescopes of theHighResolutionArray (HiRA)
[31], while the heavy projectilelike residues were detected in
the focal plane of the S800 spectrograph [32]. Each HiRA
telescope was configured with a 1.5 mm thick double-sided
silicon 32% 32 strip detector backed by four 3.9 cm CsI(Tl)
crystals. The arraywas positioned 50 cm from the target with
a gap between the inner telescopes of &6 cm (3.4') for the
transport of the 68Se to the S800 focal plane.
Projectile-like residues produced in the reaction were

identified by energy loss and time of flight (!E vs TOF) as
shown in Fig. 3. The !E signal was taken from the seg-
mented ionization chamber in the S800 focal plane. TOF of
the heavy residues was calculated from the known length
of the beam-transport system and the measured timing
signals from scintillators at the A1900 focal plane and at
the object plane of the S800 analysis beam line. The
incoming secondary beam was identified by a similar
technique. While the inclusive nature of the measurement
did not allow a unique identification of the 69Br production
mechanism, the kinematics of the residue suggest that
neutron emission following proton pickup reactions on
12C or pþ 70Se quasifusion can contribute.
A microchannel-plate (MCP) beam-tracking system was

used to correct for the 3 cm diameter secondary beam spot on
target. One channel-plate tracking detector directly imaged
electrons emitted from the reaction target, defining the point
of interaction in the target with an accuracy of 1.1 mm
FWHM. Additional information about the microchannel-
plate tracking detectors can be found in Ref. [33].
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FIG. 2. Comparison of the result from this work, which is the
only direct measurement of Sp, showing a reduction in uncer-
tainty to previous predictions. (The size of the data point for this
work represents a symmetric uncertainty of )40 keV.) Atomic
mass evaluation (AME) values are taken from Refs. [27,28].

FIG. 1. Illustration of 2p-capture reactions through 69Br by-
passing the 68Sewaiting point. The slow " decay of 68Se restricts
the rp-process reaction flow in type I x-ray bursts.

FIG. 3 (color online). Particle identification spectrum of the
projectilelike residues detected in the S800 focal plane, in
coincidence with HiRA, and produced in reactions with the
70Se secondary beam.
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Fig. 2. Mass distribution for Ni isotopes behind the secondary target as measured
with the S800 spectrograph. The dotted lines indicate the region of the mass gate
used in the present analysis.

was applied to the energy of the γ rays emitted from the moving
nucleus at a velocity of v/c ∼ 0.4. Energy calibrations were per-
formed with 22Na and 137Cs standard sources. The intrinsic energy
resolution was 13% (FWHM) for the 1275-keV γ ray. The position
was calibrated by using a collimated 60Co source and a position
resolution of 3 cm (FWHM) was obtained.

In order to extract the energy and intensity of the γ -ray tran-
sitions, the spectral shape expected for mono-energetic γ rays
from a moving source was computed with a Monte Carlo sim-
ulation using the geant code [28]. The simulation took into ac-
count the geometries of the NaI(Tl) array, CRYPTA, and the beam
pipe, as well as the energy and position resolution and the en-
ergy loss of the beam in the target. The overall energy resolution
for the 1024 keV γ rays emitted from 74Ni moving with v/c ∼ 0.4
was 18% (FWHM). The photo-peak efficiency was calculated to be
16(2)%, where the error is a systematic one estimated by compar-
ing the measured γ -ray spectra of the standard sources with the
simulated one.

3. Result

Fig. 3 shows the Doppler-shift corrected energy spectrum of
the prompt γ rays detected in coincidence with the inelastically-
scattered 74Ni ions. A prominent peak is seen at 1020(11) keV,
which is ascribed to the 2+

1 → 0+
g.s. transition from the selectiv-

ity of proton inelastic scattering. This energy is consistent with the
value (1024(1) keV) reported in the β-decay study of 74Co [20].
The peak intensity was extracted by fitting the spectrum. The best
fit result is shown by the solid curve, which is composed of the
simulated detector response for a 1020-keV γ ray (dashed curve)
and an exponential background (dotted curve). In addition to the
1020-keV peak, a peak-like structure is visible at 786(30) keV. The
statistical significance of this peak was evaluated to be one stan-
dard deviation based on a fit that incorporated the 786-keV γ -ray
peak.

The angle-integrated cross section for the 2+
1 excitation was de-

termined from the yield of the γ rays after considering possible
feeding from higher excited states. In the observed spectrum, the
786-keV peak is the only candidate for a feeding transition. Its con-
tribution amounts to 20(20)% of the yield of the 1020-keV peak.
Since the statistical significance is low and the coincidence rela-
tion with the 2+

1 → 0+
g.s. transition is uncertain, the cross sections

Fig. 3. Doppler-shift corrected γ -ray spectrum for the proton inelastic scattering
of 74Ni. The solid curve shows the best fit result, which consists of the simulated
detector response for the 1020-keV γ ray (dashed curve) and an exponential back-
ground (dotted curve).

were derived with and without assuming the 786-keV peak as a
feeding transition. Their average was adopted while the difference
was taken into account as a systematic error.

In addition, we considered the possible feeding from a 3− state,
because proton inelastic scattering generally has a large cross sec-
tion for the excitation to low-lying, collective 3− states. In the
case of the stable Ni isotopes, the feeding transitions from the 3−

state to the 2+
1 state have intensities of about 20 ∼ 30% of the di-

rect excitation to the 2+
1 state [29,30], and have energies around

2 ∼ 3 MeV. Such a transition cannot be observed in the present
measurement because of limited sensitivity. We therefore assumed
the feeding contribution from the 3− state to be 25(5)%, although
the corresponding photo-peak was not observed. The 0+

g.s. → 2+
1

excitation cross section was then determined to be 14(4) mb,
where the quoted error includes both the statistical (20%) and
systematic uncertainties. The systematic error is attributed to the
uncertainties in the efficiency of the γ -ray detection (10%), the
target thickness (3%), and uncertainty of the feeding corrections
(20%).

The deformation length δp,p′
for the 0+

g.s. → 2+
1 transition was

extracted from calculations based on the distorted wave theory us-
ing the ecis97 code [31]. We adopted two different approaches.
The first one employed the global optical potential set KD02 [32].
By adopting the collective vibrational model, the transition poten-
tial was obtained from the derivative of the optical potential with
an amplitude of δp,p′

. The δp,p′
value was determined so that

the calculated total inelastic scattering cross section reproduces
the measured cross section. The δp,p′

value obtained in this way
was 1.07(16) fm, where the error includes the uncertainties of the
experimental cross section. The corresponding deformation param-
eter β2 (= δp,p′

/R) is 0.21(3) using a radius of R = 5.04 fm which
is taken from R = r0 A1/3 with r0 = 1.2 fm.

In the second approach the optical potential and transition po-
tential were derived by folding the effective nucleon–nucleon in-
teraction with the nucleon densities and transition densities, re-
spectively, using the minc code [33]. For the effective nucleon–
nucleon interaction, the density-dependent effective interaction
proposed by Jeukenne, Lejeune, and Mahaux (JLM) [34] was used
with normalization factors of 0.95 for the real and imaginary
parts [35,36]. The density distributions of protons and neutrons

N. Aoi et al., PLB 692, 302 (2010)



Examples from S800

More recently, indirect predictions of the proton sepa-
ration energy, represented by the open circles in Fig. 2,
were obtained by combining mass measurements of 68;69Se
with estimates for the Coulomb displacement energy
(CDE) [17–24] that accounts for the mass difference of
69Br and 69Se. For example, precise mass measurements of
69Se [23] and of 68Se [24] using the Low Energy Beam and
Ion Trap (LEBIT) high-precision Penning trap facility [25]
have reduced the uncertainties in the masses to negligible
values of 1.5 keVand 5 keV, respectively. Combining them
with a calculation of the CDE [26] yielded an estimated
value of Sp ¼ "636ð105Þ keV where the uncertainty is
dominated by the estimated contributions from the theo-
retical CDE predictions.

In this Letter, we report on the first direct measurement
of ground-state one-proton decay from 69Br. This result
accurately constrains the 2p-capture branch of the astro-
physical rp-process 68Se waiting point to be <0:25%
(within 1!), which is sufficient to demonstrate that it can
be neglected in present type I x-ray burst models.

The experiment was performed at the Coupled
Cyclotron Facility of the National Superconducting
Cyclotron Laboratory (NSCL) using a secondary beam
composed primarily of 69As (23.9%), 70Se (66.7%), and
71Br (9.4%) produced by fragmenting a 140 MeV=nucleon
78Kr primary beam on a 775 mg=cm2 9Be target.
Fragmentation products were selected using the A1900
fragment separator [29] and directed onto a 5:4 mg=cm2

polypropylene ðC3H6Þn reaction target in the S800 spectro-
graph target chamber [30].
Protons emitted in reactions with the target were detected

by 16!E-E telescopes of theHighResolutionArray (HiRA)
[31], while the heavy projectilelike residues were detected in
the focal plane of the S800 spectrograph [32]. Each HiRA
telescope was configured with a 1.5 mm thick double-sided
silicon 32% 32 strip detector backed by four 3.9 cm CsI(Tl)
crystals. The arraywas positioned 50 cm from the target with
a gap between the inner telescopes of &6 cm (3.4') for the
transport of the 68Se to the S800 focal plane.
Projectile-like residues produced in the reaction were

identified by energy loss and time of flight (!E vs TOF) as
shown in Fig. 3. The !E signal was taken from the seg-
mented ionization chamber in the S800 focal plane. TOF of
the heavy residues was calculated from the known length
of the beam-transport system and the measured timing
signals from scintillators at the A1900 focal plane and at
the object plane of the S800 analysis beam line. The
incoming secondary beam was identified by a similar
technique. While the inclusive nature of the measurement
did not allow a unique identification of the 69Br production
mechanism, the kinematics of the residue suggest that
neutron emission following proton pickup reactions on
12C or pþ 70Se quasifusion can contribute.
A microchannel-plate (MCP) beam-tracking system was

used to correct for the 3 cm diameter secondary beam spot on
target. One channel-plate tracking detector directly imaged
electrons emitted from the reaction target, defining the point
of interaction in the target with an accuracy of 1.1 mm
FWHM. Additional information about the microchannel-
plate tracking detectors can be found in Ref. [33].
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FIG. 2. Comparison of the result from this work, which is the
only direct measurement of Sp, showing a reduction in uncer-
tainty to previous predictions. (The size of the data point for this
work represents a symmetric uncertainty of )40 keV.) Atomic
mass evaluation (AME) values are taken from Refs. [27,28].

FIG. 1. Illustration of 2p-capture reactions through 69Br by-
passing the 68Sewaiting point. The slow " decay of 68Se restricts
the rp-process reaction flow in type I x-ray bursts.

FIG. 3 (color online). Particle identification spectrum of the
projectilelike residues detected in the S800 focal plane, in
coincidence with HiRA, and produced in reactions with the
70Se secondary beam.
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Fig. 2. Mass distribution for Ni isotopes behind the secondary target as measured
with the S800 spectrograph. The dotted lines indicate the region of the mass gate
used in the present analysis.

was applied to the energy of the γ rays emitted from the moving
nucleus at a velocity of v/c ∼ 0.4. Energy calibrations were per-
formed with 22Na and 137Cs standard sources. The intrinsic energy
resolution was 13% (FWHM) for the 1275-keV γ ray. The position
was calibrated by using a collimated 60Co source and a position
resolution of 3 cm (FWHM) was obtained.

In order to extract the energy and intensity of the γ -ray tran-
sitions, the spectral shape expected for mono-energetic γ rays
from a moving source was computed with a Monte Carlo sim-
ulation using the geant code [28]. The simulation took into ac-
count the geometries of the NaI(Tl) array, CRYPTA, and the beam
pipe, as well as the energy and position resolution and the en-
ergy loss of the beam in the target. The overall energy resolution
for the 1024 keV γ rays emitted from 74Ni moving with v/c ∼ 0.4
was 18% (FWHM). The photo-peak efficiency was calculated to be
16(2)%, where the error is a systematic one estimated by compar-
ing the measured γ -ray spectra of the standard sources with the
simulated one.

3. Result

Fig. 3 shows the Doppler-shift corrected energy spectrum of
the prompt γ rays detected in coincidence with the inelastically-
scattered 74Ni ions. A prominent peak is seen at 1020(11) keV,
which is ascribed to the 2+

1 → 0+
g.s. transition from the selectiv-

ity of proton inelastic scattering. This energy is consistent with the
value (1024(1) keV) reported in the β-decay study of 74Co [20].
The peak intensity was extracted by fitting the spectrum. The best
fit result is shown by the solid curve, which is composed of the
simulated detector response for a 1020-keV γ ray (dashed curve)
and an exponential background (dotted curve). In addition to the
1020-keV peak, a peak-like structure is visible at 786(30) keV. The
statistical significance of this peak was evaluated to be one stan-
dard deviation based on a fit that incorporated the 786-keV γ -ray
peak.

The angle-integrated cross section for the 2+
1 excitation was de-

termined from the yield of the γ rays after considering possible
feeding from higher excited states. In the observed spectrum, the
786-keV peak is the only candidate for a feeding transition. Its con-
tribution amounts to 20(20)% of the yield of the 1020-keV peak.
Since the statistical significance is low and the coincidence rela-
tion with the 2+

1 → 0+
g.s. transition is uncertain, the cross sections

Fig. 3. Doppler-shift corrected γ -ray spectrum for the proton inelastic scattering
of 74Ni. The solid curve shows the best fit result, which consists of the simulated
detector response for the 1020-keV γ ray (dashed curve) and an exponential back-
ground (dotted curve).

were derived with and without assuming the 786-keV peak as a
feeding transition. Their average was adopted while the difference
was taken into account as a systematic error.

In addition, we considered the possible feeding from a 3− state,
because proton inelastic scattering generally has a large cross sec-
tion for the excitation to low-lying, collective 3− states. In the
case of the stable Ni isotopes, the feeding transitions from the 3−

state to the 2+
1 state have intensities of about 20 ∼ 30% of the di-

rect excitation to the 2+
1 state [29,30], and have energies around

2 ∼ 3 MeV. Such a transition cannot be observed in the present
measurement because of limited sensitivity. We therefore assumed
the feeding contribution from the 3− state to be 25(5)%, although
the corresponding photo-peak was not observed. The 0+

g.s. → 2+
1

excitation cross section was then determined to be 14(4) mb,
where the quoted error includes both the statistical (20%) and
systematic uncertainties. The systematic error is attributed to the
uncertainties in the efficiency of the γ -ray detection (10%), the
target thickness (3%), and uncertainty of the feeding corrections
(20%).

The deformation length δp,p′
for the 0+

g.s. → 2+
1 transition was

extracted from calculations based on the distorted wave theory us-
ing the ecis97 code [31]. We adopted two different approaches.
The first one employed the global optical potential set KD02 [32].
By adopting the collective vibrational model, the transition poten-
tial was obtained from the derivative of the optical potential with
an amplitude of δp,p′

. The δp,p′
value was determined so that

the calculated total inelastic scattering cross section reproduces
the measured cross section. The δp,p′

value obtained in this way
was 1.07(16) fm, where the error includes the uncertainties of the
experimental cross section. The corresponding deformation param-
eter β2 (= δp,p′

/R) is 0.21(3) using a radius of R = 5.04 fm which
is taken from R = r0 A1/3 with r0 = 1.2 fm.

In the second approach the optical potential and transition po-
tential were derived by folding the effective nucleon–nucleon in-
teraction with the nucleon densities and transition densities, re-
spectively, using the minc code [33]. For the effective nucleon–
nucleon interaction, the density-dependent effective interaction
proposed by Jeukenne, Lejeune, and Mahaux (JLM) [34] was used
with normalization factors of 0.95 for the real and imaginary
parts [35,36]. The density distributions of protons and neutrons
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Reaction Fragment Identification

110707SnSn 106106SnSn

108108SnSn
106106InIn 105105InIn

104104CdCd103103CdCd 102102CdCd102102AgAg 101101AgAg 100100AgAg

8686YY

100100PdPd 9999PdPd 9898PdPd9898RhRh 9797RhRh 9696RhRh9696RuRu

9191MoMo 9090MoMo9090NbNb
8888ZrZr

8686ZrZr8585YY

25 fragments 

identified via 

γ spectra

after the secondary target

A. Ayres, K. Jones, U. of T. (2014)



Charge states

• S800 CsI(Na) hodoscope	



• Measure TKE over large area	



• Resolution limited to few % in E	



• Adequate for Q up to ~ 40	



• Example from 76Ge 
fragmentation on 197Au	



• ∆E-TOF gate contains both 72Ga31+ 
and 70Ga30+	



• E difference is 3.7% → 1% in light	



• Charge state population at Z>50	



• Need TKE detector with % 
resolution in E
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Figure 4.7: Particle identification spectrum used to isolate fragments 72
30

Ga31+ and 70

30

Ga30+
in the location indicated by black oval.

4.1.4 Charge-State Separation

The goal of uniquely identifying the atomic charge-states of incoming particles by measuring

the residual kinetic energy signal with the hodoscope was demonstrated using two fragments

with different atomic charge-states but overlapping mass-to-charge ratios. The fragment

pair selected for charge-state separation analysis was 72

30

Ga31+ and 70

30

Ga30+, which were

produced with sufficient rate to permit a meaningful demonstration of separation success.

The region of the PID spectrum that contained these fragments was gated to generate a

2-D spectrum of dispersive position (directly related to momentum) vs light output from

hodoscope crystal 14. In Figures 4.7 and 4.8 are shown the PID used to gate the fragments

of interest and the resulting 2-D spectrum, respectively.

The energy separation between 72

31

Ga31+ and 70

31

Ga30+ calculated with LISE++

code [58] was 3.72%. This separation corresponds to a predicted separation of the light

output of 0.96% using the coefficient results from the global response function for crystal 13.

The measured separation in light output between the two set of events, shown in Figure 4.8
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Figure 4.8: Dispersive position vs hodoscope crystal 14 light output for fragments 72
30

Ga31+

(right tilted box) and 70

30

Ga30+ (left tilted box).
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Summary of requirements

• Acceptances similar or smaller than S800	



• 20 msr (± 60 mrad x ± 90 mrad), 5% ∆P/P	



• ∆P/P resolving power ~ 1/1000	



• Like in S800, use “software” spectrometer to achieve resolution	



• TOF resolution needed!	



• Compromise between length and time resolution (detectors?)	



• Z and TKE measurements	



• Z up to Uranium, TKE to resolve Q, improvements needed compared 
to s800	



• Space around target for γ-ray array (CAESAR, GRETA,…)


