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ABSTRACT

A challenge preventing successful inverse kinematics measurements with heavy nuclei that are not fully stripped is identifying and tagging
the beam particles. For this purpose, the HEavy ISotope Tagger (HEIST) has been developed. HEIST utilizes two micro-channel plate timing
detectors to measure the time-of-flight, a multi-sampling ion chamber to measure energy loss, and a high-purity germanium detector to
identify isomer decays and calibrate the isotope identification system. HEIST has successfully identified '**Pb and other nearby nuclei at
energies of about 75 MeV/A. In the experiment discussed, a typical cut containing 89% of all "*Pb®" in the beam had a purity of 86%. We
examine the issues of charge state contamination. The observed charge state populations of these ions are presented and, using an adjusted

beam energy, are well described by the charge state model GLOBAL.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0068180

. INTRODUCTION

At accelerator facilities worldwide, projectile fragmentation
is an important mechanism for producing rare-isotope beams
(RIBs)." * Projectile fragmentation produces a wide variety of iso-
topes, from stable to short-lived, that can be subsequently filtered
by fragment separators to select the desired species. Unlike stable
beam facilities, RIBs produced at fragmentation facilities typically
have lower intensities, larger emittances, and more than one isotopic
species, even after passing through a fragment separator. Such sepa-
rators typically select these species by magnetic rigidity and then pass
the produced ions through an energy degrading foil and select them
by magnetic rigidity again." " In some cases, this is done multiple
times."

For many experiments, it is necessary to identify the beam on
an event-by-event basis. Often, an appropriate choice of separator
settings can remove most unwanted ions in the beam. Subsequent
measurements of the time-of-flight (ToF) from the fragment sepa-
rator to the experimental setup may then allow the rare isotopes in
the beam to be uniquely identified (i.e., tagged). However, the frac-
tional change in the flight time for fully stripped isobars with atomic
number Z and Z + 1 scales inversely with Z. Likewise, the fractional
change in the flight time for fully stripped fragments with the same
atomic number Z and mass numbers A and A + 1 scales inversely
with A. Thus, the unique identification by both the atomic num-
ber and mass becomes more difficult when these secondary beams
are heavy and the velocity distributions of beam particles begin to
overlap. In such cases, a ToF measurement is not sufficient to resolve
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the beam species, yet one can still identify the beams while achiev-
ing reasonable beam intensities by adopting the AE-ToF-Bp method
wherein an additional measurement is made of the energy deposited
in an ion chamber, AE. The boundary of the mass region where the
AE-ToF-Bp method becomes necessary depends on the specifics of
a given experiment, the energy of the beam, the materials that are
used to degrade the beam, and the specific settings of the fragment
separator.

Heavy beams are routinely tagged by the AE-ToF-Bp method
at the RIBF* and GSI’ facilities. At those facilities, beams energies
are E/A > 200 MeV, and beam ions are often fully stripped. Slower
beams, wherein the ions are not fully stripped, complicate the pic-
ture. At low enough energies, rare isotopes can be produced in
sufficiently low charge states that the separation and identification
of low intensity rare isotope beams remains a very difficult, or even
an unsolved, problem.

Here, we focus on heavy beams with Q/e~ 80 and ener-
gies of E/A ~ 74 MeV, which was the highest energy available for
such beams at the National Superconducting Cyclotron Labora-
tory (NSCL). These heavy ions typically retain their 1 s electrons,
making them “helium-like” nuclei with Q/e = Z — 2 but with non-
negligible probabilities for them to be “lithium-like” ions with Q/e
= Z - 3 or “hydrogen-like” with Q/e = Z — 1. By choosing the high-
est energy possible at the NSCL, we minimized this multiple charge
state problem. We developed the HEavy ISotope Tagger (HEIST)
at the NSCL to tag and track such heavy secondary projectile frag-
ments at energies where such ions are not fully stripped. Following
the identification of the beam with HEIST, the energy could be sub-
sequently degraded, when necessary, to the energy required by the
physics experiment without a significant loss in intensity.

In the following, we answer three questions: (1) How accurately
can we tag these ions? (2) How serious are the complications from
multiple charge states in these ions? (3) How accurately do theoret-
ical calculations predict the performance of our beam identification
setup and the production of different charge states? Answers to these
questions can facilitate future efforts to tag heavy nuclei.

Il. HEIST SETUP AND OPERATION

HEIST was coupled to the A1900 fragment separator’ at
the NSCL and consists of three distinct detector systems. The
detector systems are a time-of-flight (ToF) system composed of
two micro-channel plates (MCPs), a MUIti-Sampling Ionization
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FIG. 2. A1900 fragment separator: the locations of the production target, Image2
dispersive focus, and the 1900 focal plane are shown.

Chamber (MUSIC) that provides beam tracking and energy loss
(AE) information, and a High-Purity Germanium (HPGe) crystal
used to detect isomer y-rays. The physical locations of the detectors
and the experimental end station, here the Active-Target Time Pro-
jection Chamber (AT-TPC),” are shown schematically in Fig. 1. The
location of the first MCP (MCP1) at the A1900 focal plane is shown
in Fig. 2. Further details of each of the detector systems can be found
in Sec. I11.

A. A1900 setup

At the Coupled Cyclotron Facility (CCF) of the NSCL,"” a pri-
mary “®*Pb beam was accelerated first in the K500 Cyclotron, then
stripped, and injected into the K1200 Cyclotron where it was accel-
erated to its final energy of E/A = 85 MeV. Rare isotopes were then
produced by bombarding the **Pb®* beam on a *Be production
target, with an areal density of 22.5 mg/cm”, located outside of the
K1200 Cyclotron.” This produces a mixture of primary and sec-
ondary beams that enter the A1900 fragment separator,” shown in
Fig. 2.

The unreacted primary beam is outside the Bp acceptance of
the A1900 and so is not transmitted through the fragment separator.
Midway through the A1900 magnetic separator, there is a dispersive
focus at Image2 (I2) where the beam particles are focused to different
points depending on their rigidity. Using a set of thin narrow slits at
12 to define a 2 mm aperture, we selected ions that have a magnetic
rigidity of Bp = 3.271 Tm with a precision of +£0.035%. This rigidity
transmits 192Hg ions with Q/e = 77 at an energy of E/A = 79.7 MeV,
as well as other ions that have a similar magnetic rigidity.

The isotopic selection was improved by passing the remaining
ions through a 23.5 mg/cm? polyimide foil to degrade the energy.

EZ_V;uI_t________________H;G_G_D_ ____________ ﬁ:
MGP2 MUSIC Beamjstop :
................. 3cm¢NIIIIIIIIIN LAcm@ AT-TPC ...:
|

| | | | |
736.5cm || 33.3cm active gas 1/87.7 cm! 35.9cm :

I

I

43.3 cm total gas

FIG. 1. Detector locations along the beamline (not to scale).
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Ions with different atomic numbers emerge from the foil with dif-
ferent rigidities;” slits at the second dispersive focus at the A1900
focal plane removed unwanted ions with magnetic rigidities that dif-
fer from that of the desired rare isotope.” This second set of slits was
set to select particles with a rigidity of Bp = 3.117 Tm +0.18% cor-
responding to '?Hg ions with a charge of Q/e = 78 and an energy
of E/A = 74.4 MeV. Any other ions with a magnetic rigidity in the
acceptance of the slits were also transmitted down the beamline to
the experimental setup.

The selected isotopes then pass through the first MCP (MCP1)
that served as a start detector for the ToF system and go on to the
second MCP (MCP2), placed 32 m downstream of MCP1 that served
as the stop detector, as shown in Fig. 1. Using the two MCPs, we
measured the ToF and the velocity of the beam particles before they
passed into the MUSIC detector and the AT-TPC.

B. AE-ToF-Bp method

The momentum cut at the dispersive focus of the A1900 sepa-
rator is related to the A1900 rigidity setting, the beam momentum,
beam charge, and mass as follows:

Bp=L-"" 1)
9 4
Here, Bp is the magnetic rigidity, p is the momentum, q is the
charge, m is the mass, and v is the velocity. The energy loss of a
charged particle through a material, AE, is related to its velocity and
atomic number by

2
AE » C%f(v), (2)

where f(v) is a slowly varying function of the velocity v.”

Combining the energy loss in the ion chamber, AE, with the
velocity determined by ToF provides uniquely the atomic number,
Z, via Eq. (2). Combining the velocity with the magnetic rigidity via
Eq. (1) provides the ratio of mass to charge. For reactions where
only one charge state is present for each isotope, this allows a unique
determination of the mass and atomic numbers of each particle. For
slower heavy fragments where multiple charges are probable, one
can take guidance from calculations of the charge state distribu-
tions and beam optics calculations that indicate where each charge
state should appear in the particle identification (PID) spectrum. In
Sec. V C, we test these charge state models via measurements of char-
acteristic isomer fed y-rays that uniquely identify the beam fragment
independent of its charge state.

C. A1900 simulation

To design HEIST, we modeled its performance with the
LISE++ beam simulation program.” The width of the I2 slit was
optimized by considering the trade-off between momentum reso-
lution and beam rate. The rms time resolution &t of an MCP can be
estimated by the relationship 0t = 7ise Vinoise/ Vignal» Where Ty is the
rise time of the MCP anode signal, V uoise is the rms noise, and Vjgua;
is the amplitude of the MCP anode signal. From this, we estimated
that we could achieve a FWHM time-of-flight resolution of about
300-400 ps. Allowing for different path lengths for different ions,
we conservatively estimated that a time resolution of 500 ps could
be achieved. LISE predicted the energy loss straggling in the MUSIC

ARTICLE

scitation.org/journal/rsi

AE (MeV)

1800

288 289 290 291
ToF (ns)

FIG. 3. The LISE++ simulated PID of several secondary beam isotopes. The
charge states are helium-like.

with 300 Torr CF4 to be somewhat less than 0.7% (FWHM). Using
the software package SRIM/TRIM,’ we calculated that an energy
loss resolution of 0.85% (FWHM) could be achieved. The energy
straggling in the entrance window of the MUSIC is negligible com-
pared to the momentum resolution of the beam and the energy loss
straggling in the detector gas.

The beam optics and detector response were simulated with
LISE++ to determine our predicted ability to successfully identify
beam particles. Figure 3 shows the AE vs ToF PID plot simu-
lated with LISE++ assuming the A1900 configuration discussed in
Sec. IT A. The energy loss plotted is for the entire active volume of
the MUSIC detector. For the simulation, we assumed a conserva-
tive AE resolution of 2% (FWHM). This is significantly larger than
the pure energy straggling calculations made with SRIM or LISE++;
this larger value was chosen to include fluctuations from secondary
effects, such as the energy losses to high energy delta electrons that
are not measured in the MUSIC because they escape the detec-
tor volume. With these assumptions, we predicted that the various
isotopes in the beam could be adequately resolved.

Ill. HEIST CONSTRUCTION AND OPERATION
A. MCP

The timing detector was based on a thin emitting foil, 0.5 yum
polypropylene, placed along the path of the beam with an MCP
readout. These MCPs provide excellent timing resolution and can
operate at a rate exceeding 1 MHz without damage. Using thin foils
avoids unnecessary degradation of the beam emittance.

The design of both MCP timing detectors is similar to that
described in Wiggins et al.'’ and Wiza et al.'! Figure 4 illustrates the
design and operating principles of this MCP timing detector. When
a beam particle passes through the thin foil, electrons are released
by ionizing atoms which are accelerated away from the foil by a
static electric field. The trajectories of the electrons are bent by elec-
tric and magnetic fields through an angle of 180° so that they hit a
stack of 40 mm diameter MCP electron amplifiers produced by Pho-
tonis. The two MCPs in the stack are arranged front to back in a
chevron configuration to multiply the primary ionization electrons
by a gain factor of ~10°. The amplified charges are collected onto an
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FIG. 4. Schematic of the working principle of the MCP detector (not to scale).

anode plate located behind the MCP. The multiplication process in
the MCP is fast, and the corresponding signals have a rise time of
about 3 ns.

A series of electrodes, shown by the dashed black lines in Fig. 4,
are connected with a resistor chain. When biased, they generate the
electric field that, in conjuncture with a permanent magnetic field,
bends the electrons. The highest potential electrode was biased to
V- feid ~ 2 kV. The permanent magnetic field is generated by attach-
ing high-field, permanent neodymium magnets on two nickel-plated
iron plates that sandwich the MCP detectors. The locations of the
permanent magnets were positioned so that the magnetic field is
~100 G and uniform to within 2% over the electron trajectories. In
addition, a —1 kV bias is applied to the foil and a positive bias of
Ve ~ 2.5KkV is applied to the MCPs and anode.

For the heavy beams used in the experiment, the efficiency of
the MCP detector was expected to be nearly 100%. Because MCP2
was used as the trigger, only the efficiency of MCP1 can be directly
measured. Using the primary beams discussed in Sec. IV, the effi-
ciency of the MCP was determined to be 98.6%. We determined the
efficiency by comparing the number of events with an MCP1 signal
to those events with a valid MUSIC energy signal. The efficiency did
not show a significant dependence on the beam energy or mass for
the beams measured in our experiment.

Signals from the anode were amplified using a non-inverting
200 gain fast amplifier (ORTEC FTA820A). The signals were then
discriminated using a constant fraction discriminator (Canberra
454) and passed to a TDC (CAEN v1190). The signals from the
MCP1 at the A1900 focal plane were discriminated near the MCP1
detector and then sent to the S2 vault at the NSCL where we posi-
tioned the MCP2, the MUSIC, and the TDC used to digitize the
signals.

B. MUSIC
1. Mechanical design

The MUSIC detector was constructed to measure the energy
loss of the secondary beam particles. Figure 1 shows an overview
indicating the horizontal dimensions of the MUSIC chamber and
the physical layout of the anode pads of the MUSIC chamber.

ARTICLE scitation.orgljournal/rsi

Figure 5(a) shows a schematic side view of the MUSIC cham-
ber indicating the orientation of the anode electrodes, Frisch grid,
and cathode. In many respects, our MUSIC detector resembles the
MUSIC80 design employed at GSI to measure the energy loss of
heavy beam particles.'?

Figure 5(b) is a photograph of the inside of the MUSIC taken
during construction when the anode and Frisch grid structure can be
seen. Ionization within the MUSIC detector can be collected from an
active volume of 330 x 62 x 36 mm> (L x W x H). The anode (333
x 84 mm?) and cathode (333 x 128 mm?) are both printed circuit
boards (PCBs), mounted onto aluminum plates that are held par-
allel to each other and separated by 45 mm. The Frisch grid (330
x 62 mm?) is located 9 mm from the anode and 35 mm from the
cathode. The PCBs in this detector were fabricated with a 1.6 mm
thick halogen free substrate, IT-170RGA1, and their 10z copper elec-
trode surfaces were coated with Electroless Nickel Immersion Gold
(ENIG) plating. The cathode consists of a single conducting (332
x 127 mm?) pad.

The anode is split into nine rectangular segments, with two
additional anode segments (the first and the last) that are subdivided
into pairs of triangle pads resulting in a total of 13 pads, as shown
in Figs. 1 and 5(b). The rectangular middle nine anode segments
are 30 x 82 mm? conducting surfaces separated from each other by
1 mm insulating gaps. The triangular pads (24 x 82 mm?) provide
information about the horizontal beam positions near the entrance
and exit of the chamber using the technique of charge division. The
beam tracking capabilities of the detector are discussed in detail in
Sec. I11 B 3.

-HV
Cathode

(a)

Beam

Frisch grid

Anode pads
(4*triangle + 9*rectangle)

FIG. 5. The MUSIC used in this experiment. (a) Schematic of the MUSIC detector
(not to scale). (b) Photograph of the MUSIC during construction. The first two and
last two segments are triangular pads used for measuring the beam position within
the chamber via charge division.
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Each of the 13 anode pads were individually amplified via
Zepto Systems CSA-60-100 charge sensitive preamplifiers and a
programmable spectroscopy amplifier (CAEN n568). The slow out-
put from the spectroscopy amplifier is digitized by a peak sensing
analog-to-digital converter (ADC) (Mesytec MACD-32). The fast
output from the spectroscopy amplifier was discriminated using a
leading edge discriminator (Philips 7106) and digitized using a TDC
(CAEN V1190). The typical signal to noise ratio for the anode signal
was 0.07%. Using these electronics, we expect to be able to handle a
maximum rate of 50 kHz, possibly higher with an appropriate choice
of preamplifier and shaping amplifier.

The Frisch grid was fabricated using 76 ym diameter beryllium
copper wires and oriented parallel to, and 9 mm above, the anode.
The pitch between neighboring wires was chosen to be 1 mm and is
discussed in detail in Sec. I11 B 2.

The electric field inside the drift region of the MUSIC detec-
tor is generated by the electrode surfaces of the PCBs and of the exit
and entrance windows. The side wall PCBs have 0.2 mm wide con-
ducting strips spaced 1 mm apart and connected through a resistor
chain to the cathode and anode providing a uniform electric field
near the side walls that extends throughout the drift volume from
the cathode to the Frisch grid and a stronger uniform electric field
within the volume between the Frisch grid and the anode. In addi-
tion, the beam enters and exits the MUSIC field cage through 0.5 ym
thick polypropylene windows with an active area of 30 x 30 mm®.
By evaporating 1.6 mm wide Al strips, spaced 2.54 mm apart, and
biasing them to the same voltage as the side wall PCB, we ensured
a uniform electric field throughout the MUSIC field cage. The loca-
tions of the first and last rectangular anode sections were chosen so
that all electrons that drift to these pads pass through a region where
the drift field is uniform to better than 1%.

The drift field is defined by the negative high voltage on the
cathode and the ground potential of the anode pads which are indi-
vidually grounded through 100 MQ resistors. The minimum voltage
that can be applied to the cathode is —5 kV without exceeding the
maximum voltage drop over the resistors in the field cage. A simpli-
fied voltage divider circuit and Frisch grid filter is shown in Fig. 5(a).
An Iseg VHQ 203M power supply was used to bias the cathode.
Table I contains the bias voltage, drift field, and electron drift veloc-
ity for the gas configurations used in this paper, which are discussed
in detail in Sec. I11 B 4.

This light-weight MUSIC assembly sits within a larger alu-
minum box that provides additional shielding and serves as a pres-
sure vessel. To minimize gas contamination and recombination in
the active region of the detector, gas flows directly from the gas han-
dling system into the active region through numerous small holes in
the anode PCB, seen in Fig. 5(b). This enforces a laminar gas flow
from the anode to the cathode and minimizes recombination. Then,

TABLE I. Selected gas properties of CF4 at running conditions.

e drift Avg. energy
Cathode Ec velocity per ion
Gas (Torr) voltage (V) (V/cm) (cm/ps) pair (eV)
CF4 150 —1000 192 10.3 34.3
CF4 294.5 —-1000 192 8.3 34.3

ARTICLE scitation.orgljournal/rsi

the gas flows through small holes in the cathode to the outer pres-
sure holding vessel and finally back to the gas handling system. To
further minimize loss of signal from recombination, the resistors in
the field cage were all placed on the side of PCBs facing the outer gas
region and were covered with EZ-Poxy to reduce outgassing.

2. Frisch grid considerations

Beam particles entering the gas volume of the MUSIC detector
make a straight line path ionizing the gas and creating a cylindri-
cal distribution of electrons and positive ions along the path of the
beam particle. Since the electron drift velocity greatly exceeds that
of the ions, positive ions remain in the gas long after the electrons
are collected on the anode. With the absence of a Frisch grid, this
positive ion charge induces a negative image charge on the anode
that reduces the net anode signal by an amount that depends on the
distance of the track from the anode. With a Frisch grid in place,
the image charges mainly appear on the Frisch grid instead, and the
anode signal is basically independent of the vertical position of the
track within the chamber.

Following Bunemann, '’ we define the grid “inefficiency,” y, to
be a measure of how the field strength at the anode, E4, depends on
the field created by positive ions in the cathode region, Eq,

dEa
=2 3
V= kg ®)
where y is given by Bunemann’s expression,
d d
y (4)

= — _In—.
2n(xa +r—mr2/d)  2mr

Here, x4 = 9 mm is the distance between the Frisch grid and
the anode PCB boards, d = 1 mm is the wire pitch, and r = 38 ym is
the radius of the Frisch grid wires, shown in Fig. 5(a). This provides
a value of y = 0.026, effectively suppressing the dependence of the
anode signals on the position of the positive ions in the detector.

If the anode were fully shielded, however, no electrons would
make it past the grid to the anode. The shielding of the anode to the
positive space charge must be balanced against the need for most
electrons to reach the anode. The proportion of electrons collected
on the anode is roughly equal to the proportion of field lines that
bypass the Fricsh grid and terminate on the anode. Bunemann cal-
culated the condition for the relative field strengths in the anode, Ea,
and cathode, Ec, drift regions where all field lines by-pass the Frish
grid,"”

Ex 5 1+2m’/d' )
Ec ~ 1-2nr/d

For our chosen values of d and r, the field in the anode region
must be 1.6 times larger than the field in the cathode region to sat-
isfy this condition. We constructed a voltage divider for the field cage
accordingly to achieve E4 /Ec = 1.8, satisfying the condition given by
Eq. (5) and controlling the loss of signal due to electrons terminat-
ing on the Frisch grid so that it does not significantly worsen the
resolution of the anode signals.

3. Position sensitivity of the MUSIC

The four triangular anode pads allow the horizontal x-position
of the track to be determined at the entrance and exit of the MUSIC
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detector. Each track deposits charge on the pad surfaces that are
directly above it. This makes the deposited charge in the triangular
pad proportional to the width of the pad at the x-position where the
charge is deposited. Defining the right side beam to be in the positive
x-direction and the left pad to be the one that is wider on the left side
of the beam of the anode plane, one can divide the difference in the
charges in the right and left pads by the sum of both charges to get
the x-position as follows:

X =Xmax ~— ~ > (6)

where Q; and Qy, are the charge deposited on the left and right tri-
angular pads, respectively, and Xmax = 41 mm is half the width of the
anode plane.

The y-position of the track can also be determined from the
time difference between the signal in MCP2 located 40 cm upstream,
which records the arrival time of the beam particle and the anode sig-
nal which starts when the ionized electrons pass through the Frisch
grid. If the drift velocity of electrons in the detection gas is known,
then the delay time for the anode signal is a known linear function
of the drift distance from the track to the anode plane. By combining
the x- and y-positions determined by these anode signals, the loca-
tion and direction of beam tracks can be reconstructed in 3D space
and extrapolated to different points along the beamline.

4. Gas selection and properties

CF4 was selected as the detection gas. It has the virtues that it is
not explosive and has a fast drift velocity, which minimizes pile-up
effects, and a large stopping power. Table [ provides relevant counter
gas properties for CFy, including the electron drift field strengths,
drift velocities calculated using MagBoltz,'* and the average energy
required to produce an ion/electron pair."”

C. HPGe

For calibration and characterization of the HEIST system, indi-
vidual isotopes in the beam were uniquely identified by stopping
them in an aluminum block after they pass through the MUSIC
detector and detecting y-rays fed by the decay of long-lived iso-
mers in these isotopes. Isomers suitable for this detection method
are those which have lifetimes comparable to the beam ToF from the
production target to the HPGe and 100 ys electronic timing window.
For our experiment, this typical range of half-lives is 200 ns-500 ys.
These y-rays were detected in an OR120 ORTEC HPGe, which is
a liquid-nitrogen cooled GEM series HPGe coaxial detector sys-
tem. The Ge crystal in this model of detector has dimensions 80.8
x 105.8 mm?, with a 4 mm gap between the end cap of the housing
and the crystal. A 1 mm thick aluminum layer and 0.7 mm of inac-
tive germanium served as absorbing layers. Despite the attenuation
of some p-rays in the absorbing layers, we were able to match the
observed coincident y-rays to known isomers fed y-rays and thereby
uniquely identify many of the isotopes in the beam, as discussed
in Sec. V A. At typical y-ray energies observed in this experiment
(300-1000 keV), a resolution of 1.1 keV (FWHM) was achieved.

IV. COMMISSIONING HEIST

A number of stable primary **Pb beams were used to com-
mission HEIST, ensuring proper functionality and calibration of the

ARTICLE scitation.orgljournal/rsi

TABLE Il Selected properties of stable 2°2Pb beams used to test detectors.

Beam type Bp (Tm) Charge states
Pilot beam 4.4785 63"
Calibration beam 2.5782 79%,80%, 817, 82*

various detector systems described above. The properties of these
beams are detailed in Table II.

A. ToF calibration

The absolute time-of-flight between the two MCP detectors
was determined using a ***Pb*®® primary beam from the CCF. The
resulting ToF spectrum for this beam is shown in Fig. 6(a). The
beam’s rigidity, and therefore velocity, is set by the A1900. Using
LISE++, the physical ToF for the primary beam can be calculated
for the flight path along the beamline. By fitting the ToF spectra, we
corrected for unknown cable delays so that the absolute flight times
were obtained for all beams.

To provide a further check, the primary beam was degraded
prior to the A1900 and transmitted with the magnetic rigidity set
to 2.5782 Tm. As the primary beam passes through the degrader, it
will exchange electrons with the degrader producing multiple charge

8000 F T T T T T T T T T =
(a) ZOSPb63+
6000 -
[72]
o
g 4000
O
(&
2000 -
0 L L L L L L L L
269 270 271 272 273 274 275 276 277 278 279
ToF (ns)
103 =_ L] L] L] L] L] L] L] L] L] L]
E (b) 208Pb77+
208 76+
w 10°F 2085y, 78+
= E Pb
3 [
O
(&) 10 F
208Pb79+
1F
E L ||I L L L " L

364 366 368 370 372 374 376 378 380 382
ToF (ns)

FIG. 6. ToF spectra for two primary beam settings. Shown in (a) is the ToF spectra
for an undegraded primary 2%Pb%+ beam with Bp = 4.4785 Tm. Shown in (b)
is the ToF spectra for multiple charge states of the degraded 28Pb beam with
Bp = 2.5782 Tm.
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states which after the Bp selection of the A1900 will have different
velocities. We observe the degraded primary beam in four charge
states: Q/le =Z - 3,Z — 4,7 — 5,and Z — 6, where Z = 82. The ToF
values shown in Fig. 6(b) for these four charged states agree with the
expected values to within 0.2 ns.

V. RARE ISOTOPE BEAM MEASUREMENTS
A. Beam identification

Figure 7 shows the correlation between the secondary beam
ToF (x-axis) and the sum of the energy losses measured by the
nine rectangular anode electrodes in the MUSIC for the secondary
beam tuned to Bp = 3.1173 Tm. Multiple peaks appear in this two
dimensional spectrum. Each represents a different isotope, which is
marked in this figure. Since this PID plot is unchanged by stopping
the beam ions in an aluminum block ~30 cm downstream, we can
identify these ions by measuring the y-rays emitted after an isomeric
state decay with the HPGe detector.

Figure 8 illustrates the identification of secondary beam iso-
topes. Gates on each of the PID peaks and coincident y-ray spectra
were obtained for each peak. The solid white contours in Fig. 8(a)
surround three PID peaks. The panels of Fig. 8(b) show the y-ray
spectra that were observed for ions detected within each of the white
contours. For isomer decays to feed these y-ray transitions, the iso-
mer states must have long enough lifetimes so that some isomers
survive the 590 ns flight from the production target.

Table 111 lists all the nuclei that were identified via isomer
fed delayed y-rays'® and their associated energies. While our sin-
gle HPGe detector does not provide details of the feeding of isomer
decays into the delayed y-ray we observe, there is enough consistent
information obtained from all of these decays that there can be no
doubt about isotope assignments shown in Fig. 7.

B. Beam resolution

Figure 7 visually displays the amount of separation between iso-
topes achieved with HEIST. To make more concrete comparisons to
our estimated ToF performance, we first put a gate on the PID spec-
trum shown by the red dashed line in Fig. 9(a) and plot the enclosed
data as a function of the ToF in Fig. 9(b).

The time resolution for each peak is about 300 ps, which indi-
cates that each of these secondary beams follows its own tightly
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FIG. 8. Shown in (a) is the secondary beam PID spectra. The dashed gate on
198pp is typical cut on an isotope. Shown in (b) is the gamma spectra for 1Pb
(top), %8Pb (middle), and "®?Hg (bottom). The PID cuts used to produce these
plots are show by the solid gates in (a).

defined trajectory so that the final time resolution is consistent with
the simple estimate based on the noise and the rise times for the
MCP signals made in Sec. IT C.

To make similarly concrete comparisons to our estimated AE
resolution, we apply the nearly vertical gate on the PID spectrum
shown in Fig. 10(a) and plot the enclosed data as a function of the
energy loss AE in Fig. 10(b). The observed AE resolution is ~2.2%
(FWHM) of the average AE deposited in the MUSIC chamber for

TABLE lIl. A list of isotopes that have been confirmed by isomer tagging, their corre-
sponding charge states measured in the PID, and some characteristic y-rays seen in

160 the HPGe.
155 Isomer-tagged Charge states
w isotopes Typical y-rays (keV) identified
=
5 150 196 py, 337.3,371.9,689.0 79+, 80+
g 145 197py, 387.0,531.6,589.0 80+
- 198p, 197.6,317.9,450.9 80+, 81+
4 2Hg 283.4,422.8,745.5 78+
140 194
Hg 280.2,427.9,636.3 78+
135 A 232.3,854.9,427.8 77+
288 289 290 291 292 293 YAy 264.0,420.1,725.2 77+, 78+
ToF (ns) 199 145.7,499.6,1002.2 81+
201 p:
FIG. 7. The PID plot of secondary beam isotopes. Bi 185.8,411.7,967.4 81+
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FIG. 10. Shown in (a) is the secondary beam PID spectrum with a gate (in red) that provides information about the AE resolution. Shown in (b) is the AE spectrum for the

gated data.

that isotope. This is about 2.5 times larger than the estimated 0.85%
resolution given by the calculated straggling using SRIM. To explore
this discrepancy, a GEANT4'"" Monte-Carlo simulation was made
using the physical detector geometry to explore secondary effects,
such as delta electron production. The simulation showed an energy
resolution of 3% (FWHM), consistent with, though somewhat larger
than, the experimentally determined resolution.

It is impossible to quantify the performance of HEIST in a
single number. Because the tails of the energy and time distribu-
tions of different species overlap, the purity of an isotopic selection
depends on the cut made. The maximum purity of a cut is deter-
mined by the amount of charge state contamination from the same Z
isotopes. If there is no directly overlapping charge state in the accep-
tance of the beamline, a cut can be made that has an arbitrarily high
purity, at the cost of lost statistics. The typical "**Pb%** cut shown by
the dashed gate in Fig. 8(a) contains 89% of all **Pb®* in the beam
and has a purity of 86%. A purity of 299% '**Pb** was achieved
using a cut containing less than 20% of the all '*Pb*** in the
beam.

C. Charge state contamination

One of the challenges of data from a RIB containing high-Z iso-
topes is the issue of charge state contamination or the presence of
more than one charge state configuration for a given isotope in the

beam. The acceptance of our beamline limits the number of charge
states of a given isotope to one or two. Most isotopes arrive at the
MUSIC in a helium-like configuration with Q/e = Z — 2. However,
that does not prevent contamination from another isotope with a
less probable charge state from contributing to the PID spectrum
within the same PID gate.

After identification of the isotopic species through isomer tag-
ging in the HPGe, LISE++ was used to calculate ToF for several
different charge states of each isotope. Table IV shows a comparison
of the calculated ToF from LISE++ and the corrected experimental

TABLE IV. Theoretical ToF calculated by LISE++ compared to the measured ToF
after absolute time calibration of the MCPs.

Rev. Sci. Instrum. 93, 013306 (2022); doi: 10.1063/5.0068180
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Isotope LISE++ ToF (ns) Data ToF (ns)
198 pp,80+ 292.14 292.06
197ppy 80+ 290.88 290.86
196 pp,80+ 289.61 289.68
196 ppy79+ 292.75 292.64
9B Hg"8* 292.07 291.98
92 g78* 290.77 290.74
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FIG. 11. An example of the presence of multiple charge states in the RIB for 1%Pb.
(a) shows the measured PID for events with a gate on y-rays associated with the
decay of isomer states of '%Pb. (b) shows the full PID with the location of '%Pb
charge states circled in red. The main 80+ charge state is clearly visible in the
ungated PID, while the 79+ state is not obvious.

data. The measured and calculated ToF agree to within 1 ns, whereas
the ToF difference between adjacent charge states for a given isotope
is on the order of several ns, allowing for the unique identification of
the charge state.
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FIG. 12. The measured charge state distributions of (a) °®Pb and (b) '*'Au are
plotted as a function of rigidity in the A1900. The solid symbols indicate the experi-
mental values, while the open symbols shows the LISE++ simulation results using
the GLOBAL model.

Examples of both lithium-like and hydrogen-like secondary
charge states have been detected and identified using the HPGe. Sep-
aration of neighboring charge states in ToF allows for the observed
ratio of charge states to be measured accurately. Figure 11 illus-
trates this process when the HPGe selection is set to select **Pb.
The two resulting peaks in Fig. 11(a) indicate the presence of two
separated charge state peaks, determined to be the helium-like (80+)
and lithium-like (79+) configurations by ToF. The peak from the

TABLE V. A comparison between the theoretical and measured charge state distributions of isotopes Pb, Hg, and Au with
the charge state Q/fe =Z — 3, Z — 2, and Z — 1. The theoretical charge state distributions were calculated using the GLOBAL
model with LISE++ at the adjusted Bp of 3.283 Tm. The experimental charge state distributions were extracted by gating on

the corresponding y-rays from known isomers.

Calculation Experiment

Isotopes

Z-3(%) Z-2(%) Z-1(%) Z-3(%) Z-2(%) Z-1(%)
196p, 59 41 52 +3 48 + 3
97pp, 100 100
198pp, 100 99 + 2 1+1
YHg 27 73 e
2Hg 100 100
9*Hg 100
189 Au 2 98 e
0Ay 100 100
Blay 95 95+5 541
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lithium-like charge state is not immediately obvious in the ungated
PID, as seen in Fig. 11(b). The observed ratio between charge states
of the same isotope depends on the acceptance of the beamline and
may differ from the actual production ratio at the A1900.

Figure 12 shows measured charge state distributions for the
two most common charge states of '**Pb and '*! Au. The physical
rigidity cut of the A1900 is shown by a black dashed vertical bar.
Using the GLOBAL?’ model implemented in LISE++, the theoreti-
cal charge state distribution across a range of A1900 rigidity cuts was
calculated, as seen in Fig. 12.

There is a discrepancy between the calculated charge state dis-
tributions and experimental measurement. The model reproduces
the data quite well if the Bp value of the A1900 and beamline
is adjusted upward in the calculation by 0.3% to 3.283 Tm from
3.271 Tm, indicated by a dashed pink line in Fig. 12. A comparison
between the calculated and measured charge state distributions at
this adjusted Bp value is shown in Table V. This discrepancy is larger
than the uncertainty in the calibration of the A1900 rigidity, which is
believed to be good to +0.1%. This discrepancy can be explained by
GLOBAL under-predicting the electron capture cross sections for
these nuclei. Regardless of the reason for the discrepancy, the pre-
dictions of GLOBAL at the adjusted Bp value are consistent with all
measurements made.

D. Beam tracking

The MUSIC detector has the capability to measure the posi-
tion and direction of the beam as it passes through the detector. As

ARTICLE scitation.orgljournal/rsi
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FIG. 13. Experimental beam hit pattern on the entrance of the MUSIC. The red
square shows the edge of the MUSIC window.

discussed in Sec. I1I B 3, the x-position is determined by charged
division with the triangular pads at the entrance and exit of the
MUSIC detector and the y-position is determined from the drift time
of the electrons to the Frisch grid.
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FIG. 14. The position distribution is

shown in x-direction in (a) and the
y-direction in (b). The numerical differen-
tiation of the position spectrum with the
edges fitted with a Gaussian function is

-100

Count differentiation

used to determine the position resolu-
tion. (c) shows the differentiated position
for X, and (d) shows the differentiated
position for Y.
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FIG. 15. The y-position difference between the average of n + 1 and n—1and n
rectangle pads.

To check the x- and y-position resolution, the last quadrupole
magnet along the beamline was turned off so the beam would clip
the edges of the MUSIC entrance window. Figure 13 shows the
measured beam profile. The MUSIC entrance window’s right and
upper edges are clearly shown. The corresponding x- and y-position
distribution is shown in the upper panels of Fig. 14. A numerical

(a) MCP
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differentiation of the spectrum was performed and fit with a Gaus-
sian in order to determine an upper limit to the position reso-
lution, shown in the lower panels of Fig. 14. This differentiation
method includes non-uniform beam effects. Using this differen-
tiation method, the upper limit of the position resolution was
determined to be 1.45 mm in the x-direction and 0.27 mm in the
y-direction.

A more accurate measurement of the y-position resolution
can be made using the nine independent measurements of the
y-position, one from each rectangular anode pad. This is done by
comparing the measured y-position of a particle at a pad with the
interpolated y-position from the neighboring pads on an event-
by-event basis. Figure 15 shows the y-position difference between
the average of the (n+ 1)th and (n — 1)th pads and nth pad. The
FWHM of this difference distribution is 0.19 mm, so the y-resolution
for each pad is 0.19/\/% =0.16 mm.

As seen in Figs. 16 and 14, within the MUSIC detector, there is
a structure to the x-position of the beam. Even though the momen-
tum selection at 12 is very precise, the wedge foil modifies the energy
of the beam and therefore its rigidity, and different beam particles
ultimately enter the MUSIC at different x-positions leading to the
structure observed.

With accurate measurements of the positions at the entrance
and exit window of the MUSIC, the beam particle trajectory can
be extrapolated to other detectors along the beamline. Figure 16

(b) MUSIC entrance

FIG. 16. (a) shows the extrapolated posi-

tion spectrum at MCP2. (b) shows the
position spectrum at the entrance of the
MUSIC. (c) shows the position spectrum
at the exit of the MUSIC. (d) shows

0

20 )
X (mm)

the extrapolated position spectrum at the
entrance to the AT-TPC. The red lines
show the edge of detector windows.
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shows the beam tracking results with hit patterns at different posi-
tions. At MCP2, before the MUSIC, the beam was well focused. In
the MUSIC, the beam was off-center, indicating a slight misalign-
ment of the apparatus. The beam nonetheless enters the acceptance
of the AT-TPC entrance window 1.2 m downstream of the MUSIC
detector.

VI. CONCLUSION

The HEIST system was designed, built, and commissioned. It
consists of two MCP detectors, a MUSIC ion chamber, and a HPGe
detector. HEIST was able to successfully tag and track secondary
isotopes produced from the fragmentation of a 85 MeV/A ***Pb pri-
mary beam. The time-of-flight performance of this system enhances
the design criterion, but the charge resolution, while acceptable, is
somewhat worse than the design value. GEANT4 calculations for
the charge resolution are consistent with the measured charge res-
olution, indicating that the larger measured energy loss resolution
results from secondary processes such as delta electrons scattering
out of the active region of the MUSIC chamber. A typical cut con-
taining 89% of all "*Pb*** in the beam had a purity of 86%. The
maximum purity of a cut is limited by any charge states of the same
element that may overlap in velocity with the isotope of interest. If
there is no directly overlapping charge state, then a cut with an arbi-
trarily high purity can be made at the cost of lost statistics. In the
case of '°Pb%**, a cut containing less than 20% of all 198pp80+ ih the
beam with purity greater than 99% can be achieved.

Using isomer tagging, the charge state distributions of the iso-
topes in the 74 MeV/A radioactive ion beams were measured. These
distributions were compared to calculations done with the GLOBAL
model using LISE++ to simulate the beam optics. GLOBAL was
found to under-predict the electron capture cross sections; never-
theless, good agreement between the experiment and model was
achieved by adjusting the magnetic rigidity (and therefore velocity)
of the beam fragments in the simulation.
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