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Abstract 

Activation cross sections of the deuteron-induced reactions on 89Y were measured up to 24 MeV deuteron energy. 

The experiment was performed at the RIKEN AVF cyclotron. Excitation functions of the reactions 89Y(d,x)88,89Zr,  

88,90mY, 87mSr were obtained by using the stacked-foil activation method and gamma-ray spectrometry. The results 

were compared with previous experimental data and the prediction of the TALYS nuclear reaction model code 

adopted from TENDL-2017 library. Physical thick target yield of 89Zr was derived from the measured cross sections. 

 

Keyword 

Zirconium-89, PET technology, Deuteron-induced reaction 

 
1. Introduction 

Zirconium-89 (𝑇1/2 = 78.41 h) is a positron emitter suitable for imaging via Positron Emission Tomography (PET). 

It has much longer half-life than fluorine-18 (𝑇1/2 = 109.77 min), which is most widespread radionuclide in the field 

of PET radiopharmaceuticals. 89Zr is particularly suitable for imaging biological processes with slow kinetics, e.g. in 

immuno-PET [1]. Its long half-life allows for transporting on large distances. A cost-effective delivery of 89Zr 

requires detailed knowledge of its potential production routes. 

     High-specific activity 89Zr can be produced in several charged-particle-induced nuclear reactions on various 

stable nuclides. Among them, reactions on 89Y are the most favorable regarding the yield and possibility to bombard 

naturally monoisotopic element (low price of the target material, minimizing number of the co-produced 

radionuclides).  

The 89Y(p,n)89Zr and the 89Y(d,2n)89Zr reactions are the most promising. There were many experiments 

performed on the former reaction during the last several decades (see e.g. [2] and references therein). In contrast, 

only eight experiments focused on the latter can be found in the literature survey [3–10]. The published excitation 

functions are not always entirely consistent and only a few previous studies measured data beyond 20 MeV. These 

facts lead us to re-measurement of the deuteron-induced reaction cross-sections on 89Y up to 24 MeV. 
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2. Method 

For the measurement, we adopted a well-known and established stacked-foil activation technique. The target was 

composed of thin metallic foils of 89Y (purity: 99.0%, thickness: 12.68 mg/cm2; Goodfellow Co., Ltd., UK) and natTi 

(purity: 99.6%, thickness: 9.13 mg/cm2; Nilaco Corp., Japan). The average thicknesses of the foils were derived from 

their weight and area before processing. The foils were then cut into squares of 8 × 8 mm2 area. Nine sets of four Y 

and two Ti foils were stacked as the target. The foils other than the first one in the same element groups were measured 

because of expected compensation for recoil losses of the products. The natTi foils were used for reproduction of the 

natTi(d,x)48V monitor reaction to adjust thicknesses of the foils and to check the beam parameters. This stacked target 

was positioned in a target holder that served as a Faraday cup and irradiated by a deuteron beam for 1 h at the RIKEN 

AVF cyclotron. The average beam intensity measured by the Faraday cup was 102.3 nA. The incident beam energy 

of 23.6±0.2 MeV was measured by the time-of-flight method [11]. The energy loss of the projectile in each foil and 

its propagated uncertainty were calculated using the SRIM code [12]. 

     The irradiated foils were disassembled after a cooling time of approximately 1 h. The gamma-ray spectra of 

each foil were measured by using an HPGe detector (ORTEC GEM30P4-70) without chemical separation. 

Calibration of the detector efficiency at each distance was performed by using the standard 152Eu source and the 

mixed gamma-ray standard composed of 57,60Co, 85Sr, 88Y, 109Cd, 133Sn, 137Cs, 139Ce, 203Hg and 241Am. The distance 

between the measured foils and the HPGe detector was adjusted to keep the dead time less than 5%.  

Table 1 summarizes deuteron-induced reactions resulting in radionuclides for beam energies below 23.6-MeV. 

The radionuclides and their nuclear data are shown in Table 2. We measured gamma-ray spectra several times in 

order to optimize quantification of the present radionuclides with different half-lives. 

     The cross section 𝜎 (cm2) can be derived from the equation: 

𝜎 =
𝜆𝑁

𝑛𝑇𝐼𝜀𝑑𝜀𝛾𝜀𝑡(1 − 𝑒−𝜆𝑇𝑏)𝑒−𝜆𝑇𝑐(1 − 𝑒−𝜆𝑇𝑚)
 

where λ is the decay constant of a radionuclide (s-1), 𝑁 are the net counts in the gamma-line, 𝑛𝑇 is the surface 

density of target atoms (cm-2), 𝐼  is the deuteron-beam intensity (s-1), 𝜀𝑑  is the detector efficiency, 𝜀𝛾  is the 

gamma-line intensity, 𝜀𝑡 is the dead time correction, 𝑇𝑏 is the irradiation time of the beam (s), 𝑇𝑐 is the cooling 

time (s) and 𝑇𝑚 is the measurement time (s). 

The cross sections of the natTi(d,x)48V monitor reaction were derived to assess the target thicknesses and the 

beam parameters. Figure 1 shows the excitation function for this reaction together with the IAEA recommended 

values [15].  

The thicknesses of the 89Y foils were corrected by +2% within uncertainty to fit the recommended values. On 

the other hand, the measured beam parameters were adopted without any corrections since amplitudes of the derived 

cross sections originally showed a good agreement with the recommended values. The corrected thicknesses of the 

89Y foils are 12.93 mg/cm2. We adopted them for the analysis in the next section. 

 

  



Table 1. Possible reactions in this experiment with their Q-values and thresholds [13]. 

Reaction Q-value (MeV) Threshold energy (MeV) 

89Y(d,2n)89Zr -5.8 6.0 

89Y(d,3n)88Zr -15.2 15.5 

89Y(d,p)90mY 4.6 0 

89Y(d,p2n)88Y -13.7 14.0 

89Y(d,dn)88Y -11.5 11.7 

89Y(d,t)88Y -5.2 5.3 

89Y(d,tn)87m,gY -14.6 14.9 

89Y(d,α)87mSr 7.9 0 

89Y(d,2d)87mSr -16.0 16.3 

89Y(d,dpn)87mSr -18.2 18.6 

89Y(d,tp)87mSr -11.9 12.2 

89Y(d,n3He)87mSr -12.7 13.0 

89Y(d,α2n)85m,gSr -12.0 12.3 

The Q-values and threshold energies refer to formation of the ground states. 

 

Table 2. Produced radionuclides and their nuclear data [14]. 

Radionuclide Decay mode Half-life 𝐸γ (keV) 𝐼γ (%) 

89gZr β++EC : 100% 78.41 h  909.15  99.04  

88Zr EC : 100% 83.4 d  392.87 97.29 

90mY IT : 100% 3.19 h 202.53 97.3 

88Y β++EC : 100% 106.627 d 898.042 93.7 

87mY IT : 98.43% 13.37 h 380.79 78.05 
 

β++EC : 1.57% 

   

87Y β++EC : 100% 79.8 h 484.805 89.8 

87mSr IT : 99.7% 2.815 h 388.531 82.19 
 

EC : 0.3% 

   

85mSr IT : 86.6% 67.63 m 231.860 83.9 

 EC : 13.4%    

85gSr EC : 100% 64.849 d 514.0048 96 

 

  



 

 

Fig. 1. Excitation function of the natTi(d,x)48V monitor reaction compared with the IAEA recommended values 

[15]. 

 

3. Results and discussion 

We confirmed formations of 89Zr, 88Zr, 90mY, 88Y and 87mSr by the gamma-ray spectrometry. Their production cross 

sections including uncertainties are listed in Table 3 and displayed together with the previously published data [3–

8,10,16–18]. The experiment published in 1973 [9] shows large discrepancies from the other data sets. Therefore, its 

results are omitted in the figures. 

The total relative uncertainty (8-31.6%) of the cross sections was determined as the square root of the summed 

squares of the relative uncertainties of the parameters used in their calculation. Components of the total relative 

uncertainty cover beam intensity (5%), detector efficiency (5%), background subtraction (3%), target thickness (2%), 

target purity (1%) and statistical uncertainty (0.2-30.5%) of the net peak area of the particular gamma-ray.  

  



 

Table 3. Production cross sections of each radionuclide obtained from this work. 

 Cross section (mb) 

Energy (MeV) 89Y(d,2n)89Zr 89Y(d,3n)88Zr 89Y(d,p)90mY 89Y(d,x)88Y 89Y(d,x)87mSr 

23.2±0.2 595±48 381±31 13.8±1.1 110±9 1.84±0.17 

22.9±0.2 613±49 354±28 13.8±1.1 102±8 1.82±0.17 

22.6±0.2 615±49 315±25 13.5±1.1 92.7±7.5 1.84±0.17 

21.5±0.2 756±60 228±18 14.8±1.2 70.7±5.7 2.14±0.22 

21.2±0.2 780±62 199±16 14.8±1.2 62.9±5.1 1.97±0.22 

20.9±0.2 832±67 175±14 15.7±1.3 57.2±4.6 2.20±0.23 

19.7±0.2 915±73 82.0±6.6 15.8±1.3 33.8±2.8 2.39±0.23 

19.4±0.2 909±73 62.8±5.0 15.7±1.3 27.8±2.3 2.21±0.22 

19.1±0.2 923±74 46.2±3.7 15.4±1.3 23.4±1.9 2.15±0.28 

17.8±0.2 964±77 13.6±1.1 16.7±1.4 13.9±1.2 2.43±0.25 

17.5±0.2 961±77 7.43±0.65 17.3±1.4 12.0±1.1 2.23±0.22 

17.1±0.3 942±75 3.99±0.45 17.0±1.4 11.2±1.0 2.56±0.26 

15.8±0.3 894±72 

 

17.8±1.4 8.91±0.78 2.51±0.24 

15.4±0.3 872±70 

 

17.6±1.4 8.09±0.71 2.64±0.23 

15.0±0.3 910±73 

 

19.1±1.5 8.48±0.77 2.61±0.25 

13.5±0.3 836±67 

 

19.9±1.6 5.45±0.52 3.01±0.27 

13.1±0.3 771±62 

 

19.2±1.6 4.61±0.44 2.66±0.25 

12.6±0.3 759±61 

 

19.9±1.6 3.77±0.4 2.86±0.26 

10.9±0.3 564±45 

 

18.5±1.5 1.42±0.22 2.43±0.21 

10.4±0.4 528±42 

 

19.2±1.5 0.913±0.231 2.39±0.22 

9.9±0.4 469±38 

 

18.8±1.5 0.665±0.210 2.21±0.20 

7.8±0.4 130±10 

 

11.4±0.9 

 

0.999±0.101 

7.2±0.5 62.9±5.0 

 

9.01±0.73 

 

0.740±0.086 

6.6±0.5 15.6±1.3 

 

5.89±0.48 

 

0.424±0.051 

3.5±0.8 

  

0.0872±0.0082 

  

2.5±1.0 

  

0.00909±0.00193 

  

 

  



3.1 The 89Y(d,2n)89Zr reaction 

The cross sections of the 89Y(d,2n)89gZr reaction were derived using measurements of the 909.15-keV gamma line 

(𝐼𝛾 = 99.04%) emitted in the decay of 89gZr (𝑇1/2 = 78.41 h). The meta-stable state of 89Zr, 89mZr (IT: 93.77%, EC: 

6.23%), has a half-life of 4 min and decays completely during a short cooling time of less than an hour. The 

cumulative cross sections including contributions from 89mZr were determined and are shown in Fig. 2 with the 

previous studies [3–8,10] and the TENDL-2017 values [19]. Our experimental data are consistent with the latest four 

works [3–6]. The TENDL-2017 values are larger than all experimental data in the energy region between 6 and 20 

MeV.  

 

Fig. 2. Excitation function of the 89Y(d,2n)89Zr reaction compared with the previous experimental data [3–8,10] 

and the TENDL-2017 values [19]. 

 

  



3.2 The 89Y(d,3n)88Zr reaction 

To estimate radionuclidic impurities isotopic with 89gZr the production cross sections of 88Zr (𝑇1/2 = 83.4 h) are 

necessary. The 392.87-keV gamma line (𝐼𝛾 = 97.29%) was measured to derive cross sections of the 89Y(d,3n)88Zr 

reaction. The cooling time from the end of the irradiation was about 2 weeks. 

Figure 3 shows our result in comparison with the previous researches [3–6,8] and the TENDL-2017 values 

[19]. All the experimental datasets roughly agree with each other. The TENDL-2017 values are higher than the 

experimental data. 

 

Fig. 3. Excitation function of the 89Y(d,3n)88Zr reaction compared with the previous experimental data [3–6,8] 

and the TENDL-2017 values [19]. 

 

  



3.3 The 89Y(d,p)90mY reaction 

Gamma-ray measurements at 202.53 keV (𝐼𝛾 = 97.3%) were performed to derive the excitation function of the 

89Y(d,p)90mY reaction. The cooling time was about 1-3 hours for the shorter-lived radionuclide 90mY (𝑇1/2 = 3.19 h). 

The derived excitation function is shown in Fig. 4 with the previous works [4,6,8,16–18] and the TENDL-2017 

values [19]. Except for one dataset [17], the experimental data are quite consistent with each other within their 

uncertainties. On the other hand, the TENDL-2017 values are quite different from the experimental data. 

 

Fig. 4. Excitation function of the 89Y(d,p)90mY reaction compared with the previous experimental data [4,6,8,16–

18] and the TENDL-2017 values [19]. 

 

  



3.4 The 89Y(d,x)88Y reaction 

The excitation function of the 89Y(d,x)88Y reaction was derived by measuring the gamma line at 898.042 keV (𝐼𝛾 =

93.7%). The contribution of 88Zr was calculated from the cross sections obtained in section 3.2 and subtracted from 

the measured counts of the gamma line. The independent cross sections to produce 88Y (𝑇1/2 = 106.627 d) were 

obtained and are shown in Fig. 5 compared with previous works [3–6,8] and the TENDL-2017 values [19]. The 

previous studies show a good agreement with our results. The TENDL-2017 values are slightly higher than the 

experimental data above 19 MeV. 

 

Fig. 5. Excitation function of the 89Y(d,x)88Y reaction compared with the previous experimental data [3–6,8] 

and the TENDL-2017 values [19]. 

 

  



3.5 The 89Y(d,x)87mSr reaction 

The cross sections of the 89Y(d,x)87mSr reaction were determined based on measurements of the 388.531-keV gamma 

line (𝐼𝛾 = 82.19%). The measurements were performed after a cooling time of about 1-3 hours due to the short half-

life of 87mSr (𝑇1/2 = 2.815 h). The statistical component of the cross sections uncertainty (4.8-8.2%) is larger than 

in the case of the other reactions due to low counting statistics at this gamma line.  

     The result is shown in Fig. 6 in comparison with the earlier experimental data [4,6,8] and the TENDL-2017 

values [19]. All the experimental data show their peaks at around 14 MeV. The TENDL-2017 values underestimate 

all the experimental data in the whole energy region. 

 

Fig. 6. Excitation function of the 89Y(d,x)87mSr reaction compared with the previous experimental data [4,6,8] 

and the TENDL-2017 values [19]. 

 

  



3.6 Physical thick target yield of 89Zr 

We calculated physical thick target yields [20] of 89Zr from the cross sections measured in this work and stopping 

powers calculated by the SRIM code [12]. The result is shown in Fig. 7 and compared with that of the 89Y(p,n)89Zr 

reaction [2].  

In a low energy region, we can obtain more 89Zr by using the 89Y(p,n)89Zr reaction than the 89Y(d,2n)89Zr 

reaction. However, above 21.2 MeV, the yield of the deuteron-induced reaction becomes larger than that of the 

proton-induced reaction. In addition, the ratio of an isotopic impurity 88Zr to 89Zr in the deuteron-induced reaction 

can be smaller than in the proton-induced one at energies above 16.2 MeV as discussed in the recent papers [3,4]. 

Therefore, the deuteron-induced reaction may be more favorable route than the proton-induced one. 

 

Fig. 7. Comparison of physical thick target yields of 89Zr in the 89Y(d,2n) and 89Y(p,n) reactions. 

 

  



4. Summary 

Activation cross sections of the deuteron-induced reaction on 89Y were measured up to 24 MeV at the RIKEN AVF 

cyclotron. We used the stacked-foil activation method and the gamma-ray spectrometry. The excitation functions for 

formation of the 89Zr, 88Zr, 90mY, 88Y and 87mSr radionuclides were obtained and compared with the previous studies 

and the TENDL-2017 values. We calculated physical thick target yield of 89Zr from the cross sections measured in 

this work and found that the deuteron-induced reaction on 89Y provides higher yield of 89Zr than the proton-induced 

reaction above 21.2 MeV particle energy. The obtained results are of interest for estimating optimal production route 

for 89Zr, its radionuclidic purity and nuclear reaction model codes. 
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