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Refractive index measurements 
of solid deuterium–tritium
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Physical properties of tritium (T) and deuterium (D) have been of great interest as a fuel for nuclear 
fusion. However, several kinds of the physical properties in a cryogenic environment have not been 
reported. Optical properties in liquid and solid phases are indispensable for the quality control of the 
DT fuel. We study the dependence of the refractive index of solid DT on temperature. A dedicated 
cryogenic system has been developed and forms a transparent solid DT in a prism cell. Refractive 
index measurements based on Snell’s law were conducted. The refractive indexes of solid DT are from 
1.1618 ± 0.0002 to 1.1628 ± 0.0002 in the temperature range of 19.40 K to 17.89 K.

Hydrogen (H), deuterium (D), and tritium (T) should have notable isotope effects because of their mass differ-
ence. The comparison of physical properties between hydrogen and deuterium has been reported1. However, 
in terms of tritium, few physical properties have been studied experimentally. In particular, measurements in a 
solid state with high density must be conducted in a high radioactive environment. Most of the data come from 
empirical estimations. For nuclear fusion, solid deuterium–tritium (DT) is a candidate as the fuel. In magnetic 
fusion, the DT solid fuel is supplied for experiments in the Joint European Tokamak (JET)2. ITER will start DT 
operation in 20353 and the DEMO reactors applying the DT fuel have been designed4. In inertial fusion, the 
experiments with a DT fuel are conducted at the National Ignition Facility (NIF)5. Koyo-fast and LIFT, which 
are prototype and experimental reactor respectively, have been designed on the basis of the DT fuel6,7. The high 
precise sphericality on the DT fuel is required for the inertial fusion. The in-situ methods to confirm the fuel 
quality and quantity are required because the fuel must be supplied continuously. The method of applying the 
refractive index is one of the attractive candidates to assay the D/T ratio of DT fuel. Previously, the voidless solid 
hydrogen and uniform layering technique have been experimentally established, and the hydrogen refractive 
index with the temperature dependence has been measured8,9. It is known that the refractive index of HD depends 
on the composite ratio of H and D10. The refractive index of DT should also depend on the DT ratio. Therefore, 
we can know the DT ratio by measuring the refractive index. The refractive indexes of D2 and DT (D:T = 1:1), 
n, are calculated using the equation by Briggs et al.10

where ρ is the density in moles per cubic meter of D2 or DT. However, the values are empirically estimated and 
have the large error bar of ± 0.006. The precise refractive index values are required within ± 0.001 accuracy of 
solid DT11,12. In this study, we experimentally measured the precise refractive index of DT and its temperature 
dependence.

Methods
Preparation of D–T mixture.  Figure 1 shows the schematic diagram of the tritium handling system. The 
system is composed of the optical measurement, tritium storage, and gas control parts. The tritium handling sys-
tem is enclosed in the glove box which is connected with the tritium recovery system (TRS). For the preparation 
of gaseous DT, the glass bottle of gaseous T2 from American Radiolabeled Chemicals Inc. (St. Louis, MO. USA) 
was connected to the handling system, and gaseous T2 was introduced into the handling system. The amount of 
gaseous T2 was determined by the pressure–volume-temperature method. It was found to be 2.68 × 106 Pa cc and 
the activity was estimated to be 2.54 TBq. Subsequently, gaseous T2 was completely absorbed to a ZrNi alloy bed 
as metal tritide13,14. Hydrogen isotope gases with the equilibrium composition at high temperature are released 
from the metal hydride. Gaseous D2 of 2.88 × 106 Pa cc was also loaded into the ZrNi bed to obtain the almost 

(1)(n− 1) =
[

(3.15± 0.12) · 10−6
]

· ρ
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equimolar volume of D and T. The composition of D-T was confirmed by the quadrupole mass spectrum ana-
lyzer (Qulee CGM-052, ULVAC, Kanagawa, Japan) via an orifice to reduce the pressure from 100 Pa to below 
0.01 Pa. The flow speed calibration of hydrogen isotopes through the orifice was carried out using H2 and D2 in 
advance. The flow velocity ratio of D/H is √1/2 corresponding to the square root of the mass ratio at pressures 
below 500 Pa. The flow velocity ratio of T/H was assumed to be the square root of the mass ratio of √1/3. This iso-
tope effect was caused by the difference in the velocity of hydrogen isotopes through the orifice. The sensitivity 
factors of the mass spectrum analyzer are D2/H2 = 0.99, DT/H2 = 0.96, and T2/H2 = 0.8815. Consequently, the ratio 
of H:D:T in the gaseous DT was 1:54:45. The 1% of H came from the vacuum line made of stainless steel because 
H was used in preliminary experiments with the same system. The uncertainty of the ratio is less than 1% which 
was estimated from the sensitivity of mass spectrum analyzer. The isotopologue composition was estimated to 
be around D2:DT:T2 = 3:5:2. The solidification and refractive index measurements were carried out within 5 days 
after gaseous DT was absorbed in ZrNi.

Experiment with cryogenic and DT supply system.  The cryogenic system for refractive index meas-
urements in liquid and solid phases consists of a prism cell, thermal shield, a vacuum chamber, a 10 K Gif-
ford–McMahon (GM) cryocooler and a CCD camera as shown in Fig. 2. The cell prism is made of brass and 
glass for a body and optical components with a λ/10 optical flat, respectively. Indium is used to make the cell 
leak tight. To control the cell temperature, heaters and Cernox® temperature sensors are attached on the top 
and the bottom of the cell, and Model 340 (Lake Shore Cryogenics, Inc., OH, USA) controlled the temperature 
with 1 mK precision. Thermal shields with optical windows are equipped at ~ 10 K and ~ 60 K and supported 
by Fiber Reinforced Plastic (FRP) rods to reduce heat influx from the room temperature. The GM cryocooler 
(RF-50A CR·GHe-10/80, Suzuki Shokan Co., Ltd., Tokyo, Japan) has the cooling ability of 4 W at 21 K. The first 
and second stages are connected with a ~ 60 K shield and the prism cell via a ~ 10 K shield, respectively. Copper 
braids as thermal links are applied to reduce vibration from the refrigerator16. The temperature of the prism cell 
can reach 12.7 K. A CCD camera (DS-5M, Nikon Corp., Tokyo, Japan) and macrolens (Micro Nikkor 200 mm, 
Nikon Corp., Tokyo, Japan) were used to observe the phase transition in the prism cell with backlighting tech-

Figure 1.   Configuration of the gaseous DT supply system.

Figure 2.   Cryogenic system for the measurement of refractive indexes.
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niques. At the cell temperature of ~ 20 K, the temperature difference between the top and the bottom of the cell 
was less than 10 mK without any control.

Before DT experiments, the refractive indexes of D2 (99.5%) and H2 (5 N) were measured in the liquid and 
solid phases. Instead of the gaseous DT supply system, a gaseous H2 cylinder was directly connected to the 
cryogenic system. After the top and the bottom temperature of the cell was controlled at 14.0 K just above the 
triple point, the prism cell was filled with H2 at the supply pressure of ~ 7.7 kPa. Then the temperature was low-
ered, and H2 was liquefied. The refractive index in the liquid phase was measured. The value was compared to a 
published data to calibrate the optical system for refractive index measurements. In the D2 measurements as a 
cold run, gaseous D2 was stored in the ZrNi bed in the DT supply system. The top and the bottom temperature 
of the prism cell was maintained at 18.8 K which is just above the triple point of D2, the ZrNi was heated more 
than 503 K to release D2 gas. The released D2 gas was loaded into the prism cell to liquefy the gaseous D2. The 
refractive index of liquid D2 was measured after the cell was filled with the liquid. When the top and the bottom 
temperature of the cell decreased to 18.69 K and 18.56 K, solidification was started. The refractive index of liquid 
and solid D2 were measured in the average temperature range of 16.80–18.78 K.

For the DT experiments, after the top and bottom temperature of the cell was fined at 19.8 K, the triple point 
of DT, the ZrNi bed was heated at 673 K, and gaseous DT was released and supplied to the cell. Liquefaction of 
DT was observed (see Fig. 3a). The refractive index of liquid DT was measured after the cell was filled with liquid 
DT. Then, the temperature of the cell was gradually lowered. The top and bottom temperatures of the cell were 
controlled within a difference of ~ 0.12 K and the solidification was started at the bottom at 19.45 K. Because of 
volume reduction by the solidification, the vapor bubble remained at the top of cell (see Fig. 3b)17. The refrac-
tive index of solid DT was measured at optically flat point avoiding the vapor bubble. The average temperature 
of the cell was varied between 19.72 and 17.89 K to study the temperature dependence of the refractive index.

Refractive index measurement.  Figure  4 shows the schematic of the refractive index measurements 
and laser spots passing through a vacuum, the liquid or the solid. The D2 and DT liquid and solid are grown in 
the prism cell. The 543 nm incident laser was passed through a couple of quartz windows sealed with indium 
gaskets. The end of the cell is tilted at an angle of θ. The refracted angle for D2 or DT, θx (T) (x = D2 or DT) is 
calculated using

Figure 3.   (a) DT liquefaction and (b) DT solidification in the cell.

Figure 4.   Schematic of optical measurements.
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where L1 and L2 are the shift between the laser spots through vacuum, D2 or DT on the 1st and 2nd screens, 
respectively. D is the distance between the 2 screens. The refractive index of D2 or DT, nx (x = D2 or DT) is cal-
culated using Snell’s law,

The distance between the 1st and 2nd screens was 1035 mm. The laser spots on the screens were monitored 
with CCD cameras. The peak position of laser spot was analyzed using a gauss function fitting. The beam 
positions are located within the accuracy of ± 0.007 mm which was estimated from standard deviation. These 
uncertainties include the vibration noise of the experimental setup. The angle includes the uncertainty from the 
indium seal. This angle was calibrated using the liquid H2 refractive index of 1.120 at 15 K from Ref.18, was 9.43°.

Results and discussion
Figure 5 shows the refractive indexes of DT (54:45) and D2 as a function of the temperature. The refractive 
index of the solid DT at 19.404 K is 1.1618 ± 0.0002 and gradually increases to 1.1628 ± 0.0002 at 17.89 K. The 
refractive index of DT is summarized in Table 1. The uncertainty in refractive index was decided from the 
accuracy of beam positions estimated by gauss function fitting. The refractive indexes of liquid and solid D2 are 
1.1367 ± 0.0005 at 18.80 K and 1.1564 ± 0.0008 at 18.34 K, respectively and increase gradually to 1.1567 ± 0.0005 
at 16.80 K. The temperature dependence of the refractive index dn/dT was explained by Prod’homme using the 
relationship equation between thermal expansion coefficient and electrical polarizability. The dn/dT is given by 
differentiating Lorentz–Lorenz equation19,20

where T is the temperature, β is the volume thermal expansion coefficient and Ф is the polarizability coefficient 
defined as the temperature dependence of electronic polarizability. In case of hydrogen and their isotopologues, 
the refractive index increases with the density as described in Eq. (1). Thermal expansion has no wavelength 
dependence but the polarizability has dependent characteristics. At the edge of transparency or shorter wave-
length range, the polarizability rises and dn/dT tends to become positive depending on the Ф. The solid hydrogen 
and its isotopes are typical molecular crystal. In general, molecular crystal has higher thermal expansion coef-
ficient than covalent bond crystal, ionic crystal, and metal. In fact, the volume of solid hydrogen expands about 
1% (linear expansion coefficient) from 0 to 14 K (triple points) while the general glass materials have 10–5–10–6 
/K of linear expansion coefficient. This high thermal expansion coefficient leads to the negative dn/dT.

The refractive index of liquid D2 is in good agreement with that reported by Childs21. The calculated refrac-
tive indexes of solid D2 and liquid and solid DT (D:T = 1:1) at triple point are 1.155 ± 0.006, 1.140 ± 0.005, and 
1.160 ± 0.006, respectively22,23. Measured refractive indexes are consistent with those from these references.

Figure 6 shows the refractive indexes of liquid D2 at 18.80 K and liquid DT at 19.72 K at 543 nm compared 
with the calculated refractive index at 20 K and 550 nm10. The calculated values with large uncertainties are 
slightly lower than our results.

(2)θx(T) = arctan

[

L2 − L1

D

]

+ θ

(3)nx · sinθx(T) = n0 · sinθ
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Figure 5.   Refractive indexes of DT, D2 compared with that of liquid D2 from the empirical Eq. (3).
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Conclusion
In conclusion, we have conducted the first refractive index measurements of liquid and solid DT in the range of 
16.80–19.72 K. The refractive index of liquid DT is 1.1421 ± 0.0002 at 19.68 K and 543 nm. The refractive indexes 
of solid DT range from 1.1619 ± 0.0002 to 1.1628 ± 0.0002 in the temperature range of 19.40 K to 17.89 K. The 
refractive indexes of liquid and solid D2 are 1.1367 ± 0.0005 at 18.80 K and 1.1564 ± 0.0008 at 18.34 K, respectively 
and increase gradually to 1.1567 ± 0.0005 at 16.80 K.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding 
author on reasonable request.

Received: 5 July 2021; Accepted: 11 January 2022

References
	 1.	 McCarty, R. D., Hord, J. & Roder, H. M. Selected Properties of Hydrogen (Engineering Design Data) (United States Government 

Printing Office, 1981).

Table 1.   The refractive index of liquid and solid DT.

Temperature (K) n

19.72 1.1410 ± 0.0002

19.68 1.1421 ± 0.0002

19.40 1.1619 ± 0.0002

19.23 1.1620 ± 0.0002

19.19 1.1621 ± 0.0002

19.11 1.1623 ± 0.0002

19.10 1.1619 ± 0.0002

19.01 1.1624 ± 0.0002

18.90 1.1625 ± 0.0002

18.80 1.1627 ± 0.0002

18.72 1.1627 ± 0.0002

18.60 1.1627 ± 0.0002

18.50 1.1628 ± 0.0002

18.44 1.1627 ± 0.0002

18.30 1.1628 ± 0.0002

18.22 1.1629 ± 0.0002

18.12 1.1629 ± 0.0002

18.02 1.1629 ± 0.0002

17.89 1.1628 ± 0.0002

Figure 6.   Comparison between the refractive indexes of liquid D2 at 18.80 K and liquid DT at 19.72 K at 
543 nm and the refractive indexes at 20 K at 550 nm calculated from Eq. (3).



6

Vol:.(1234567890)

Scientific Reports |         (2022) 12:2223  | https://doi.org/10.1038/s41598-022-06298-1

www.nature.com/scientificreports/

	 2.	 JET Team. Fusion energy production from a deuterium–tritium plasma in the JET tokamak. Nucl. Fusion 32, 187–203 (1992).
	 3.	 Bigot, B. ITER construction and manufacturing progress toward first plasma. Fusion Eng. Des. 146, 124–129 (2019).
	 4.	 Tobita, K. et al. The Joint Special Design Team for Fusion DEMO, Japan’s efforts to develop the concept of JA DEMO during the 

past decade. Fusion Sci. Technol. 75, 372–383 (2019).
	 5.	 Hurricane, O. A. et al. Approaching a burning plasma on the NIF. Phys. Plasma 26, 052704 (2019).
	 6.	 Norimatsu, T. et al. Conceptual design of fast ignition power plant KOYO-F driven by cooled Yb:YAG ceramic laser. Fusion Sci. 

Technol. 52, 893–900 (2007).
	 7.	 Norimatsu, T., Kozaki, Y., Shiraga, H., Fujita, H. & Okano, K. Members of LIFT design team, conceptual design and issues of the 

laser inertial fusion test (LIFT) reactor—Targets and chamber systems. Nucl. Fusion 57, 116040 (2017).
	 8.	 Iwamoto, A. et al. FIREX foam cryogenic target development: Residual void reduction and estimation with solid hydrogen refrac-

tive index measurements. Nucl. Fusion 53, 083009 (2013).
	 9.	 Iwano, K. et al. Assessing infrared intensity using the evaporation rate of liquid hydrogen inside a cryogenic integrating sphere for 

laser fusion targets. Rev. Sci. Instrum. 88, 075103 (2017).
	10.	 Briggs, C. K., Tsugawa, R. T., Hendricks, C. D. & Souers, P. C. Estimated Refractive Index and Solid Density of DT, with Application 

Of Hollow Microsphere Laser Targets. Lawrence Livermore Laboratory, Rept. UCRL-51921 (1975).
	11.	 Edgell, D. H. et al. Three-dimensional characterization of cryogenic target ice layers using multiple shadowgraph views. Fusion 

Sci. Technol. 49, 616 (2006).
	12.	 Edgell, D. H. et al. Three-dimensional characterization of spherical cryogenic targets using ray-trace analysis of multiple shadow-

graph views. Fusion Sci. Technol. 51, 717 (2007).
	13.	 Penzhorn, R. D., Devillers, M. & Sirch, M. Evaluation of ZrCo and other getters for tritium handling and storage. J. Nucl. Mater. 

170, 217–231 (1990).
	14.	 Dantzer, P., Millet, P. & Flanagan, T. B. Thermodynamic characterization of hydride phase growth in ZrNi-H2. Metall. Mater. Trans. 

32, 29–38 (2001).
	15.	 Watanabe, K., Miyake, H. & Matsuyama, M. Relative sensitivity of Bayard–Alpert gauges and a quadrupole mass spectrometer for 

hydrogen isotope molecules. J. Vac. Sci. Technol. A5, 237–241 (1987).
	16.	 Iwamoto, A. et al. Cool-down performance of the apparatus for the cryogenic target of the FIREX project. Fusion Eng. Des. 81, 

1647 (2006).
	17.	 Hoffer, J. K. & Foreman, L. R. Radioactively induced sublimation in solid tritium. Phys. Rev. Let. 60, 1310–1313 (1988).
	18.	 Souers, P. C. hydrogen Property for Fusion Energy 70 (University of California Press, 1986). https://​doi.​org/​10.​1525/​97805​20338​

401.
	19.	 Prod’homme, L. A new approach to the thermal change in the refractive index of glasses. Phys. Chem. Glasses 1, 119–122 (1960).
	20.	 Komatsu, T., Inoue, T., Tasheva, T., Honma, T. & Dimitrov, V. Correlation between thermal expansion coefficient and interionic 

interaction parameter in ZnO–Bi2O3–B2O3 glasses. J. Ceram. Soc. Jpn. 126, 8–15 (2018).
	21.	 Childs, G. E. & Diller, D. E. Adv. Cry. Erg. 15, 65 (1969). NBS technical note 641.
	22.	 Kogan, V. S., Bulatoy, A. S. & Yakimenko, L. F. Texture in layers of hydgoren isotopes condensed on a cooled substrate. Sov. Phys. 

JETP 19, 107 (1964).
	23.	 Roder, H. M., Chllds, G. E., McCarty, R. B. & Angerhofer, P. E. Survey of the Properties of the Hydrogen Isotopes Below Their Critical 

Temperature (National Bureau of Standards Technical Note 641, 1973), Section 11.

Acknowledgements
The authors thank Dr. M. Takagi for the technical comments and support on the handling of tritium. This work 
was supported by the Collaboration Research Program between the National Institute for Fusion Science and 
the Institute of Laser Engineering at Osaka University (NIFS12KUGK057) and the Hydrogen Isotope Research 
Center, Toyama University (NIFS17KUHR048).

Author contributions
K.I. designed experiments and wrote the original manuscript; J.Z., Y.I., and K.S., helped the experiments and 
data analysis; Y.H. revised the original manuscript; A.I. and M.H. provided some experimental methods and 
revised the original manuscript; T.N and K.Y. provided the conceptions and supervised the experiments and 
revised the original manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to K.Y.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2022

https://doi.org/10.1525/9780520338401
https://doi.org/10.1525/9780520338401
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Refractive index measurements of solid deuterium–tritium
	Methods
	Preparation of D–T mixture. 
	Experiment with cryogenic and DT supply system. 
	Refractive index measurement. 

	Results and discussion
	Conclusion
	References
	Acknowledgements


