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Magnetic enhancement for analysis of scintillation crystals by 
radio frequency glow discharge mass spectrometry 

Weifeng Yang,ad Shangjun Zhuo,ad Zhenli Zhu,b Rong Qian, *ad Qiao Chenc and Jiangli Dong ad 

A ring magnet enhancement method was developed and utilized for boosting the signal intensity of analysis of scintillation 

crystals by radio frequency glow discharge mass spectrometry (rf-GD-MS). Three scintillation crystals of BGO, LYSO and 

GGAG were applied to observe the performance of the ring magnet method. The investigations suggested that the signal 

intensities obtained for 209Bi, 175Lu and 158Gd with the ring magnet were 7810-27600 times of that obtain without a magnet 

and were enhanced by a factor of 1.9-2.3 compared with the previously reported stacked magnet and array magnet 

methods. The results also suggested that the signal intensity was enhanced as the rf power increases from 25 W to 70 W 

(with a frequency of 13.56 MHz) and a sharp rise up to 4.8 mPa, then decrease as the increase of discharge pressure from 

2.2 to 8.4 mPa. The validation results with two NIST samples indicated that the relative errors were within 13% and the 

lowest detection limit could reach as low as 0.0023 μg·g−1 (24Mg, with 40 W and 4.8 mPa) for ring magnet. The enhancement 

mechanism of this method was further proposed that electrons could perform distinct Larmor precession with a ring magnet, 

which could raise the collisions between the electrons and other particles to increase the ionization efficiency. Moreover, 

this work not only shed light on the possible enhancement mechanism by the ring magnet but also provided an effective 

determination method for the artificial crystals. 

1． Introduction 

Glow discharge mass spectrometry (GD-MS) is regarded as an 

effective technique for the trace analysis in solid materials. 

Nowadays, due to the high accuracy, high sensitivity, low 

detection limit (down to ng·g-1) and the ability to analyze solid 

samples directly, GD-MS has been widely utilized in the 

aerospace, geology, environment, semiconductor as well as 

some other advanced materials fields.1-6 In the glow discharge 

process, the continuous sputtering usually requires the solid 

sample serving as the cathode with electrical conductivity. 

However, the sputtering in direct current GD-MS could be 

hardly maintained for the insulators because the negative bias 

potential could not be kept as the loss of the electrons near the 

sample surface.7 One of the promising solutions was coupling a 

radio frequency (rf) source to glow discharge spectrometer. The 

rf glow discharge could be applied not only to conductive 

samples but also to non-conducting samples, and this evidently 

enlarged the application of GD-MS in the direct analysis of non-

conducting samples.8-10 

As is well known, scintillation crystals play an important role 

in radiation detection and are extensively used in high-energy 

physics and nuclear physics,11 medical,12, 13 security14 and 

environmental monitoring15 area. Most of the mission center in 

scintillation crystals is mostly rare-earth (RE) ion, mostly Ce3+.16 

The concentration doped of Ce was proved to greatly affect the 

performance of the scintillator, including surface quality and 

light propagation,17 scintillation light yield,18 quantum yield and 

afterglow level19. Consequently, rapid and accurate 

determination of the doping elements was of great significance 

to the improvement of property and applications of the 

scintillation crystals. Currently, the inductively coupled plasma 

atomic emission spectrometry (ICP-AES), inductively coupled 

plasma mass spectrometry (ICP‑MS) and X-ray Fluorescence 

Spectrometer (XRF) are commonly used to detect these doping 

elements. Wu et al.20 synthesized and analyzed Lu0.8Sc0.2BO3:Ce 

single crystals doped with different Ce concentrations via ICP-

AES. Shalaev et al.21 estimated the actual concentration of Eu in 

BaBrI crystal by ICP-MS and XRF. However, these detection 

methods usually require the time-consuming sample 

pretreatment, dilution and transfer, which easily caused some 

contaminations to affect the accuracy of the determination.  

While the GD is equipped with the rf source, it can offer an 

alternative method for the effective analysis of the scintillation 

crystals as some other non-conducting materials. Lobo et al.22, 

23 used rf-PGD-TOFMS to explore depth profiling on substrates 

of different electrical properties (non-conductive glasses and 

silicon wafers) and thin film tandem solar cells. Ganeev et al.24 

used neon as the medium for pulsed-GD-TOF-MS to analysis the 

high ionization energy elements in potassium titanyl phosphate 
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(KTP). In principle, the rf mode allows the sample surface to be 

alternately bombarded by positive ions and electrons, which 

can continuously restore the electrons lost from the surface due 

to ion bombardment, maintaining the negative self-bias 

potential. So that insulating samples can achieve continuous 

sputtering that cannot be achieved in dc-GD-MS.7 

Although rf-GD-MS provided a promising solution for the 

scintillation crystals, sometimes the signal intensity and 

detection limit of rf-GD-MS are not enough for the 

determination of trace elements in poor conductivity or poor 

thermal conductivity samples. The magnetically boosted 

method has been demonstrated to possibly enhance the 

analytical capability for the rf-GD spectrometry. Cho et al.25 

placed rectangular magnets on both outsides of the rf-GD-AES 

discharge cell, found that the signal strength was enhanced 

while the detection limit was greatly reduced by detecting the 

alloy steel. Alberts et al.26 applied a cylindrical magnet to the rf-

GD-AES in order to analyze the Al2O3 discs and obtained higher 

sputter rates and emission intensities were improved. In our 

previous work, a stacked magnets system27 and array magnets 

device system10 were utilized for rf-GD-MS to detect trace 

elements in some synthetic crystals, and the ion signal was 

enhanced and the detection limit was reduced. However, when 

these two methods were applied to analyze some scintillation 

crystals, such as LYSO, GGAG, the crystals may be cracked due 

to their poor conductivity or thermal conductivity. Thus, a more 

gentle and effective method was urgent to be built for the 

determination for crystals. 

In the present study, a ring magnet method was constructed 

and applied into rf-GD-MS. Three scintillation crystals were 

utilized for investigating the performance of the ring magnet 

method. Moreover, the accuracy and detection limit were 

verified with two NIST samples. Furthermore, based on the 

previous work,10 the enhancement mechanism of the ring 

magnet was speculated. The electrons can perform Larmor 

precession under the action of the ring magnet, and the 

trajectory of electrons can be prolonged, which might result in 

an increase of the ionization efficiency and signal intensity. 

2． Experiment section 
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In order to observe the performance of the ring magnet 

method, three scintillation crystals were applied, including 

Bi4Ge3O12 (BGO), Lu2-xYxSiO5 (LYSO) and Gd3(GaxAl(1-x))5O12 

(GGAG), from Shanghai Institute of Ceramics, Chinese Academy 

of Sciences. For further verification of the accuracy, two NIST 

samples SRM 620 and SRM 1831 (Department of Commerce, 

National Institution of Standards and Technology, Gaithersburg, 

MD) were tested by the ring magnetic devices.  

Before the rf-GD-MS experiments, BGO crystal was processed 

into 15 mm diameter discs and other samples were 

manufactured into 20 mm × 20 mm squares, with the thickness 

of 2 mm. Then, all the samples were cleaned with dilute nitric 

acid solution and deionized water. After cleaning, the samples 

were kept in the analytical alcohol before experiments. 

 

2.2 Construction of the ring magnet devices 

For a better characterization of the artificial crystals, a magnetic 

device was prepared using a copper shell (30 mm in diameter 

and 5mm in height) with a ring magnet inside. Then, four 

different magnet devices including three ring magnet devices 

with the size of D30×d10×h5 mm, D30×d20×h1 mm, 

D30×d20×h5 mm, and a round block magnet with size of 

D30×h5 mm were constructed to observe the influences of the 

magnetic field strength on the signal intensity, as well as the 

polarity of magnetic field (Fig. 2a). 

It is possible that the placement of the samples may have 

different influences on the effect of signal enhancement, two 

sample placement modes were designed and utilized for the rf-

GD-MS experiments, including sample inserted into the ring 

magnet device (SP1) and sample above the copper shell with 

magnet inside (SP2) (Fig.2b). Moreover, the comparisons with 

the effects of the devices with magnets or without magnet were 

also studied. 

 

2.3 rf-GD-MS experiment 

The rf-GD-MS experiments were carried out by Auto Concept 

GD 90 (Mass Spectrometry Instruments Ltd., U.K.), which was 

equipped with a rf source and a double-focusing Nier-Johnson 

forward geometry configuration. The magnetic device was fixed 

into the sample holder between the sample and pressing bar 

(Fig. 3). The rf-GD-MS signal intensity above 10-13 A was 

acquired by a Faraday detector and the signal intensity below 

10-13 A was acquired by an ion counter with a channeltron.  
 

 

Fig. 1 Picture of the scintillation crystal: (a) BGO, (b) LYSO and (c) GGAG.

Fig. 2 Schematic diagram of (a) four magnet devices, and (b) two sample 

placements. 
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The rf source was operated at a frequency of 13.56 MHz. The 

rf-GD-MS experiments were performed with rf power in the 

range of 25 -70 W, and the discharge pressure in the range of 

2.2 - 8.4 mPa. During the discharge process, high purity argon (> 

99.999%) with controlled flow rate was introduced into the 

source chamber as the discharge gas. In order to reduce the 

interferences from C, O and N elements, liquid nitrogen was 

introduced and precooled the ion source. All the experiments 

were operated with the resolutions above 2500. 

In addition, the magnetic field strength of the magnet devices 

was measured by SJ 700 GAUSSMETER (Senjie Gaussmeter, P. 

R. China). 

 

3． Results and discussion 

3.1 Observation on the influence of ring magnetic field strength 

and sample placement 

As illustrated in the previous literatures, the magnetic field 

strength and the sample placement were reported to affect the 

signal intensity of rf-GD-MS.27-29 In the following experiments, 

the crystal BGO was used to investigate the influences of the 

magnet field strength, sample placement as well as the polarity 

of the magnet. 

Preliminary, to investigate the influence of magnetic field 

strength, three ring magnet devices with the size of 

D30×d10×h5 mm, D30×d20×h1 mm, D30×d20×h5 mm, and a 

round block magnet with size of D30×h5 mm were applied to 

determine the ion signal intensity of 209Bi in crystal BGO. The rf-

GD-MS experiments were carried out with a discharge pressure 

of 4.8 mPa and rf power of 40 W. The magnetic field strength 

measurement results indicated that the maximum strength of 

the magnets with D30×d10×h5 mm, D30×d20×h1 mm, 

D30×d20×h5 mm and D30×h5 mm were 133.1 mT, 160.4 mT, 

172.2 mT and 205.2 mT, respectively. Fig.4a shown that the MS 

intensity of 209Bi in BGO acquired was 1.55×10-11 A for 

D30×d10×h5 mm, 2.20×10-11 A for D30×d20×h1 mm, 2.35×10-10 

A for D30×d20×h5 mm, 3.55×10-12 A for D30×h5 mm and 

8.50×10-15 A without magnet. The observations also suggested 

that the obtained signal intensity for 209Bi was increased as the 

strength of the ring magnet devices increased, which could 

further indicate that the strength of the ring magnet devices 

played a distinct effect on the improvement of signal intensity. 

In addition, the MS signal intensities acquired by the ring 

magnet (D30×d20×h5 mm) was 27600 times that acquired 

without a magnet, and was 10-66 times that acquired by the 

other two ring magnets (D30×d10×h5 mm, D30×d20×h1 mm) 

and the block magnet (D30×h5 mm). However, although the 

strength of a round block magnet was bigger than the other 

three ring magnets, the signal intensity obtained for 209Bi was 

lower than that obtained for the three ring magnets, which 

might be caused by the actual magnetic field distribution of the 

different magnet devices. Hence, the ring magnet with the size 

of D30×d20×h5 mm was utilized for the following experiments 

due to its best enhancement effect on the MS signal intensity. 

Subsequently, the influences of two sample placements with 

sample inserted into the ring magnet (SP1) and above the 

copper shell (SP2) were investigated using BGO sample. Fig.4b 

suggested that the signal intensity acquired for SP2 was about 

7.9 times that for SP1 when the applied power was 25 W, and 

the signal intensity acquired for SP2 was about 2.9 times that 

for SP1 when the applied power was 70 W. The observations 

further showed that the influence on the signal enhancement 

by SP2 placement was much better than that by SP1 placement. 

Then, the SP2 placement was selected for the following 

experiment. 

Moreover, the influences of two polarities of the magnet 

near the surface of the sample were also observed by a ring BGO 

sample. As shown in Fig.4c, the signal intensity obtained for 
209Bi with N→S and S→N polarity were almost the same, which 

was distinctly increased as the rf power increased. The results 

further demonstrated that the polarity direction of the magnet 

played little effect affecting the signal enhancement. 

 

3.2 Observation of rf-GD-MS parameters for signal enhancement 

of the ring magnet 

In the previous research work, the influence of magnetic field on the 

GD discharge plasma was demonstrated to be related to the 

discharge conditions.30-32 Here, the influences the rf-power and 

discharge pressure were also considered and illustrated with the 

BGO crystal in the presence of a ring magnet device with the size of 

D30×d20×h5 mm. 

The rf-power dependence of the magnetic enhancement was 

shown in Fig.5a. The relationship between the rf power and signal 

strength was confirmed with the discharge pressure was fixed at 4.8 

mPa and rf power ranging from 25 to 70 W. As shown in Fig.5a, signal 

intensities increased as the rf power increased in the range of 25 to 

70 W. It was possible that the increase of rf power might increase the 

kinetic energy of ions in the plasma to further increase the sputtering 

and ionization efficiency. Nevertheless, due to the poor conductivity 

and thermal conductivity of the scintillation crystals, high rf power 

could cause more a large amount of heat accumulated on the sample 

surface, and even cause the crack of the sample. Hence, the rf power 

in subsequent experiments was fixed at 40W. 

The discharge pressure dependent magnetic enhancement was 

shown in Fig.5b. The rf power was controlled at 40 W and the 

Fig. 3 Schematic diagram of GD-MS equipped with rf source. 
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discharge pressure was increased from 2.2 to 8.4 mPa. The results 

showed that the signal intensity was a sharp rise up to 4.8 mPa, and 

then decrease as the increase of discharge pressure from 4.8 to 8.4 

mPa, which was similar to the phenomenon caused by an 

electromagnet in rf-GD-OES.31 As the discharge pressure increased, 

more argon ions were excited, which could increase the probability 

of sputtering and collisions with the solid sample. However, when the 

discharge pressure was higher than 4.8 mPa, argon flow would 

produce turbulence, which possibly led to the regime change and 

instability of the plasma.31 Thus, in subsequent experiments, the 

discharge pressure was fixed at 4.8 mPa with a constant rf power of 

40W. 

 

3.3 Validation of accuracy of ring magnet method 

To validate the accuracy and detection limit (DL) of the ring 

magnet method, two standard samples NIST 620 and NIST 1831 

were measured by rf-GD-MS with a ring magnet device 

(D30×d20×h5 mm). Firstly, NIST 620 was used to achieve the 

RSF values for the typical elements. Then, NIST 1831 was 

utilized to get the relative error using the obtained RSF values 

from NIST 620. The measured RSF values of the elements in NIST 

620 including 27Al, 44Ca, 24Mg, 39K, 23Na and 32S were listed in 

Table 1. Table 2 suggested that the relative errors for the 

elements were within 13%. These results could further validate 

the accuracy of ring magnet method was verified. 

  In this study, the detection limits were calculated according to 

the IUPAC definition, DL = 3σB /m, σB represents the blank noise 

and m represents the detection sensitivity. The DLs were 

presented in Table 2, and the lowest detection limit of the ring 

magnet method can reach 0.0023 μg·g-1, while that from the  

Fig. 4 rf-GD-MS intensity of matrix element 209Bi in BGO: (a) with different ring magnets, (b) with two sample placements SP1 and SP2, (c) with two polarity of the ring magnet near 

the sample surface, and (d) schematic diagram of two polarity.

Fig. 5 rf-GD-MS intensity of matrix elements 209Bi in BGO (a) as a function of rf power at 

discharge pressure of 4.8 mPa with the ring magnet device, (b) as a function of discharge 

pressure at a constant rf power of 40 W with a ring magnet device. 
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Table 1 Measured Concentrations, RSF, and Detection Limits for the Elements in the NIST 

620 (Relative to Si) 

elements C0
a

 (%) Cb (%) RSF (C0/C) DL (μg·g−1) 

Al 2.83 1.65 1.72 0.024 

Ca 15.08 17.50 0.86 1.02 

Mg 6.60 3.11 2.12 0.0023 

K 1.01 0.89 1.13 1.58 

Na 31.68 35.60 0.89 3.65 

S 0.33 0.26 1.27 0.12 

a C0 represents the certified concentration. b C represents the measured 

concentration. 

Table 2 Comparison of rf-GD-MS Results for NIST 1831 Calibrated by RSF and the 

Certified Concentration (Relative to Si) 

elements C0 (%) C (%) C1
a (%) relative error (%) 

Al 1.87 0.95 1.63 -12.9 

Ca 17.16 19.10 16.5 -3.8 

Mg 6.21 2.75 5.84 -6.0 

K 0.80 0.66 0.75 -6.3 

Na 28.92 35.10 31.2 7.9 

S 0.29 0.24 0.30 3.4 

a C1 represents the calibrated concentration by RSF. 

previous array magnets method was 0.032 μg·g-1 and from the 

previous stacked magnets method was 0.0082 μg·g-1. In 

addition, the low DL achieved for trace elements would further 

enhance the performance of rf-GD-MS detection methods. 

 

3.4 Application of ring magnet method into the determination of 

doped Ce in scintillation crystals 

Since the ring magnet method has been observed to evidently 

boost the MS signal intensity, it was subsequently used for the 

determination of doped Ce in two scintillation crystals, LYSO 

and GGAG. The rf-GD-MS experiments were carried out at 40 W 

rf power and 4.8 mPa. For the matrix elements, the MS intensity 

acquired for 175Lu in LYSO was 9.30×10-11 A with the ring 

magnet, 1.62×10-11 A with the round block magnet and 7.61×10-

15 A without magnet. The MS intensity acquired for 158Gd in 

GGAG was 1.60×10-11 A with the ring magnet, 3.41×10-12 A with 

the round block magnet and 2.05×10-15 A without magnet. 

Moreover, the MS intensity acquired for the matrix elements by 

the ring magnet (D30×d20×h5 mm) was 7810-12200 times that 

acquired without a magnet, and was 4.7-5.7 times that acquired 

by the round block magnet (D30×h5 mm).  

For the doped Ce element, the MS intensity acquired for 140Ce 

in LYSO was 1.81×10-15 A f with the ring magnet, 1.08×10-15 A 

with the round block magnet and 1.00×10-16 A without magnet. 

The MS intensity acquired for 140Ce in GGAG was 5.40×10-15 A 

for with the ring magnet, 3.00×10-15 A with the round block 

magnet and 4.50×10-16 A without magnet. In addition, the MS 

intensity acquired for doped Ce element by the ring magnet 

(D30×d20×h5 mm) was 12.0-18.1 times that acquired without a 

magnet, and was 1.7-1.8 times that acquired by the round block 

magnet (D30×h5 mm).  

Furthermore, the results suggested that the MS intensity 

acquired for both matrix elements and Ce by the ring magnet 

(D30×d20×h5 mm) was an increase factor of 1.9-2.3 over that 

of the previously reported stacked magnets method or array 

magnets method. Meanwhile, the investigations could also 

imply that the ring magnet method could not only enhance the 

signal intensity for the matrix elements but also boost the signal 

intensity for the trace elements with a greatly reduced 

detection limit. 

 

3.5 Possible enhancement mechanism of ring magnet method 

Based on the experimental results and previous simulation 

studies in our lab, the speculation on the ring magnet 

enhancement mechanism was proposed that the electron could 

perform Larmor precession under the influence of the ring 

magnet, similar to the previous array magnets method, which 

would also extend the movement of electron to motivate more 

collisions between the electrons and other particles, and 

further enhance the ionization efficiency as well as the signal 

intensity.10, 26 

Conclusions 

In this work, a ring magnet method was constructed and 

demonstrated to significantly improve the signal intensity in rf-

GD-MS for scintillation crystals. The enhancement of signal 

intensity was investigated as a function of magnet filed 

Fig. 6 rf-GD-MS intensity of (a) matrix elements 158Gd in GGAG and 175Lu in LYSO, (b) 
140Ce in GGAG and LYSO crystals without or with D30×h5 mm round block magnet, 

D30×d20×h5 mm ring magnet. 
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strength, rf power and discharge pressure. The results 

suggested that the MS intensity acquired for matrix elements or 

doped Ce in BGO, LYSO and GGAG by the ring magnet 

(D30×d20×h5 mm) was increased almost by factor of 1.9-2.3 

compared to the previously reported stacked magnets method 

or array magnets method. The accuracy and detection limits for 

the ring magnet method were validated by two NIST samples 

620 and 813. The relative errors were calculated to be less than 

13%, and the lowest detection limit was 0.0023 μg·g−1. 

The possible enhancement mechanism of the ring magnet 

method was proposed that electrons could perform Larmor 

precession with a ring magnet. This could extend the path and 

duration time of electrons in the discharge area and raise the 

collisions between the electrons and other particles to enhance 

the ionization efficiency, which would accordingly boost the 

signal intensity. Further studies in this area are being carried out 

in our laboratory. 
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