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Precision mass measurements of 63Cu, 64−66Zn, 65−67Ga, 65−67Ge, 67As, 79,81Br, 79Kr, 80,81Rb, and
79,80Sr were performed with a multireflection time-of-flight mass spectrograph. The masses of these
nuclides were determined by the single reference method using isobaric references. In order to obtain
precise results, time-of-flight drift compensations were performed and a phenomenological fit func-
tion was employed. Consequently, in the case of 65Ga, a mass uncertainty of 2.1 keV, corresponding
to a relative precision of δm/m = 3.5 × 10−8, was obtained and the mass value is in excellent agree-
ment with the 2016 Atomic Mass Evaluation.
KEYWORDS: Mass measurement, MRTOF, rp-process

1. Introduction

Nuclear masses of proton-rich nuclei along the N = Z line are crucial in determining the reaction
flow of the rapid proton-capture (rp-) process. Mass uncertainties need to be less than roughly 10 keV
to significantly reduce the uncertainties of rp-process calculations [1]. Half-lives of key nuclei in the
rp-process span from ∼ 10 − 100 ms. Multireflection time-of-flight mass spectrograph (MRTOF-
MS) [2] has an advantage in the mass measurements of these short-lived nuclei since measurement
time can be less than 10 ms. However there are no on-line MRTOF-MS measurements satisfying the
required precision so far. In the present study, we demonstrate high-precision MRTOF-MS measure-
ments of the intermediate-mass neutron-deficient nuclei.
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2. Experiment

The experiment was performed by using the superheavy element mass facility at RIKEN [3],
consisting of the MRTOF-MS and the gas-filled recoil ion separator GARIS-II [4], which has been
developed to enable mass measurements of superheavy elements (SHE) produced at RIKEN. A beam
of 36Ar10+ at 3.30 MeV/nucleon with a maximum intensity of 3 pµA, was provided by the RIKEN
linear accelerator RILAC, and used to produce the intermediate-mass, neutron-deficient nuclei via
the fusion-evaporation reactions of natS(36Ar,X) and natTi(36Ar,X). Further details of the experimental
setup and conditions are provided in [5].

3. Analysis

3.1 Single reference method
The observed time-of-flight (TOF) value tobs of an ion which travels in the MRTOF-MS device

with ℓ laps is given by
tobs = (a + b · ℓ)

√
m + t0, (1)

where m is the ion mass, t0 represents an additional systematic offset, and a and b are constants related
to the single non-reflection flight path and the length of flight path between consecutive reflections
from one of the mirrors, respectively. The time offset t0 originates from the delay between ion ejection
and the TDC start time. It has been directly measured to be 40(10) ns.

The single reference method [6] was used to determine the masses of observed nuclei. If tX and
tref are the measured TOF of nuclide X and the reference ion, respectively, then we can define a
parameter ρ2:

ρ2 =
mX

mref
=

(
tX − t0
tref − t0

)2

, (2)

where mX and mref are the masses of nuclide X and the reference ion, respectively. In the present
measurements, only singly-charged ions were measured. Thus, the atomic mass of nuclide X, MX, is
given by

MX = ρ
2(Mref − me) + me, (3)

where Mref and me are the atomic mass of the reference nuclide and the electron rest mass, respec-
tively. The 2016 Atomic Mass Evaluation (AME16) values [7, 8] were used for the mass references.

Excluding low statistics species, the least squares fitting routine of the ROOT package [9] was
used to determine ρ. For the low statistics cases the maximum likelihood method was used.

3.2 Drift compensation
Under the actual experimental conditions,TOF values varied as a function of time due to thermal

expansion of the MRTOF-MS device and minor instabilities in the HV power supply system for the
mirror electrodes [2]. These TOF drifts could be compensated by use of isobaric reference species.
Before performing such a correction, we first calculated the “standard TOF” of the reference. Equa-
tion 1 can be rewritten as a sum of the ℓ dependent and independent terms:

tobs = η · ℓ + ζ. (4)

Parameters η and ζ were determined by a peak fit of raw TOF data of the isobaric reference with
different ℓ, and the standard TOF for each ℓ were deduced. The raw data were then divided by equal
sweeps (measurement times) into i subsets. For ions in each subset i the corrected TOF tcorr,i was
calculated with the following relation:

tcorr,i = traw,i

(
tstd

tstd + tdrift,i

)
, (5)
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where traw,i is the uncorrected TOF of each ion in subset i, while tstd and tdrift,i are the standard TOF for
the isobaric reference ion and the deviation of the peak center of the isobaric reference species within
the ith subset, respectively. After applying corrections to each subset, the data were recombined for
precision peak fitting. This correction method was applied to all the data presented here. The peak
width improvements by drift compensation in the present experiment are discussed in [5].

3.3 Fit function
A phenomenological fit function was developed through the study of high-statistics offline mea-

surements of 85Rb+ ions [5]. A typical TOF spectrum of 85Rb+ ions is shown in Fig. 1. In order to
reproduce the shape of main peak, we employed the function:

fp(τ) =



µ exp
[
−τ2/ν

]
(for τ < ts1)

ξ exp
[
η/τ2

]
(for ts1 ≤ τ < ts2)

(κ/σ) exp
[
−τ2/

(
2σ2

)]
(for ts2 ≤ τ < ts3)

(κ/σ) exp
[
ts3 (ts3 − 2τ) /

(
2σ2

)]
(for τ ≥ ts3) ,

(6)

where the characteristic times tsi indicate the available range of each sub-function. The variable τ
is defined as: τ ≡ t − tc, where tc is the peak center. Thus, fp has seven independent parameters,
excluding the characteristic times tsi. The number of parameters can be analytically reduced to three
by imposing the continuity condition at each time tsi; the remaining independent parameters are then
tc,κ, and σ.

In addition to the primary peaks, we observed “bump” structures neighboring the intense peaks
in sufficiently high-statistics TOF spectra. These bumps maintain a constant intensity and position
relative to the primary peak and are deduced to result from the following process: secondary electrons
are emitted from the surface of the MCP ion detector, they are accelerated to nearby surfaces and
produce tertiary ions which accelerate back to the MCP. Hence, these bumps are not actual events
and depend only on the intensities of parent peaks. The bump shapes are modeled with the following
Gaussian function:

fb(τ) = (κb/σb) exp
[
− (τ − tb)2 /

(
2σ2

b

)]
. (7)
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Fig. 1. Typical time-of-flight spectrum of 85Rb+ ions. Such spectra were used to determine the fit function,
indicated by a red line, based on an exponential-Gaussian hybrid function.
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All independent parameters of the fitting function including the switching times were obtained
as an average of the off-line measurements of the 85Rb+ ions with two different number of laps. In
the fitting algorithm, ts1 and ts2 were determined by scaling the σ parameter of mass reference peaks
relative to that of 85Rb+:

tsi = tsi,85Rb × (σ/σ85Rb) (i = 1, 2). (8)

The ts3 values were determined as independent parameters from fits to the mass reference nuclide
peaks, then subsequently fixed for each isobaric species of interest. The bump height parameter κb
was calculated assuming a constant relative intensity,

κb = κb,85Rb × (κ/κ85Rb). (9)

The other two bump parameters, σb and tb, were fixed using the 85Rb+ fit results.
For the species of interest, the only free parameters in the fitting function are the peak center tc

and the peak height κ since the σ parameters were determined from the mass reference nuclide peaks.
In the fitting algorithm, to enhance the mass precision, the τ parameter was treated as a function of t,
tref , and ρ, where ρ is the TOF ratio from Eq. 2. Then the fitting function F for N peaks is described
by

F(t, tref , ρ1, · · · , ρN, κ1, · · · , κN) =
N∑

i=1

{ fp(t, tref , ρi, κi) + fb(t, tref , ρi, κi)}. (10)

If the ith peak corresponds to the mass reference, ρi is always unity; the total number of fitting param-
eters is 2 × N.

3.4 Error evaluation
The systematic mass ratio error δ(ρ2)sys consists of terms originating from the drift compensation

and the constant time offset t0:

δ(ρ2)sys = 2ρ

√(
∂ρ

∂tdrift

)2

δt2
drift +

(
∂ρ

∂t0

)2

δt2
0. (11)

The TOFs of both nuclide X and the mass reference nuclide are compensated following Eq. 5 and
with the same reference TOF data set {tdrift,i} as used to evaluate ρ values. The uncertainties of drift
compensation of each TOF value must be treated in the same manner. Thus the influence of such
uncertainties on δtdrift can be found to be strongly correlated: a coefficient of δtdrift can be written as

∂ρ

∂tdrift
=

(
∂ρ

∂tX

)
dtX

dtdrift
+

(
∂ρ

∂tref

)
dtref

dtdrift
. (12)

By substituting the above equation in Eq. 11, one can calculate

δ(ρ2)sys

ρ2 ≈ 2

√√(
1 − 1
ρ

)2 (
t0
tref

)2 (δt0t0

)2

+

(
δtdrift

tref

)2. (13)

If we introduce the variable ∆m = mX − mref , the TOF ratio ρ can be rewritten as a function of ∆m:
ρ =

√
1 + ∆m/mref . Equation 13 is plotted in Fig. 2 and the systematic error could be suppressed

down to (δρ2)sys/ρ
2 ≤ 10−9 (green area of Fig. 2) by employing an isobaric reference. This value is

negligibly small compared to the fitting error, thus the uncertainties of the mass values are dominated
by the fitting errors and the mass uncertainties of the reference nuclides.
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Fig. 2. The systematic error as a function of relative mass difference. In this figure, δt0 = 10 ns and δtdrift =

0.5 ns are assumed. See the texts for details.

-40

-20

 0

 20

 40

 60

 80

 100

 120

63
C

u 1
H

2 16
O

 64
Zn 1

H

 65
Zn

 66
Zn 1

H

 65
G

a

 66
G

a

 67
G

a

 65
G

e

 65
G

e 1
H

 66
G

e

 67
G

e

 67
A

s

 79
B

r

 81
B

r

 79
K

r

 80
R

b

 81
R

b

 79
Sr

 80
Sr

M
E

ex
p 

- 
M

E
A

M
E

16
 (

 k
eV

 )

Fig. 3. Differences between the present measurement results and the AME16 values. Purple lines represent
error band of the AME16 values. The open symbols indicate data derived from spectral peaks insufficiently
separated from adjacent peaks.

4. Results

The results from [5] are summarized again in Fig 3. There are some inconsistencies with the 2016
Atomic Mass Evaluation (AME16) values. Our previous framework further includes a careful discus-
sion of all inconsistencies with the AME16 values seen in Fig 3, and two reliability requirements
were imposed on the mass values: (i) there are no contaminations from unresolved isomers, (ii) there
are no undue influences of intense neighboring peaks [5]. Among the masses that were inconsistent
with AME16, two were found to meet the reliability criteria, and we propose new mass excess val-
ues: ME(67Ge) = −62675.2(46) keV and ME(81Br) = −77955.4(53) keV. These mass values were
previously deduced through indirect measurements [10–12].

The relative mass precisions in the present study span the range of δm/m = 4.1×10−7 to 3.5×10−8.
In the most precise measurement, that of 65Ga, a mass uncertainty of 2.1 keV was obtained. The mass
reference of the A/q = 65 series is 65Cu (δm = 0.6 keV in AME16) and a total event number of
65Ga is 2× 10

4
in all three measurements with different number of laps ℓ. This result shows that mass

measurements satisfying the requirement to impact on rp-process calculations, δm ≲ 10 keV, can be
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achieved with the MRTOF-MS, given sufficient statistics.
In Section 3.4 the systematic errors originating from the drift compensation and the constant time

offset t0 were investigated. The correctness of our result from 65Ga indicates that these systematic
errors are negligibly small, at the level of 10−8, by employing the isobaric reference.

5. Summary

Precision mass measurements of 63Cu, 64−66Zn, 65−67Ga, 65−67Ge, 67As, 79,81Br, 79Kr, 80,81Rb,
and 79,80Sr performed by using an MRTOF-MS coupled with GARIS-II have been reported in [5].
The masses of these nuclides have been determined by the single reference method using isobaric
references. In order to obtain precise results, compensation of TOF drifts originating from the insta-
bilities in the experimental system were performed. A phenomenological fit function was constructed
from high-statistics off-line data of 85Rb and used to reproduce complex shape TOF peaks in low
statistics region. Consequently, for 65Ga, a mass uncertainty of 2.1 keV, corresponding to a relative
precision of δm/m = 3.5 × 10−8, was obtained and the mass value is in excellent agreement with the
AME16 value.

The present works extends the study while focusing on the relative mass difference dependency
of systematic error resulting from both of the constant time offset and the drift compensation. The
result of 65Ga supports the our evaluation to the systematic error: when employing the isobaric mass
reference, its contribution will be suppressed to negligibly small at the level of 10−8.

We would like to express our sincere gratitude to the RIKEN Nishina Center for Accelerator-
Based Science and the Center for Nuclear Science at the University of Tokyo for their support of the
present measurements. H. S. acknowledges support from the US National Science Foundation under
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supported by the Japan Society for the Promotion of Science KAKENHI, Grant Number 24224008,
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