
 
 
 

 ARL-MR-0954 ● Jun 2017 
 
 
 

 US Army Research Laboratory 

 
 
Using Ferromagnetic Material to Extend and 
Shield the Magnetic Field of a Coil 
 
by W Casey Uhlig 
 
 
 
 
 
 
 
 
 
 
 
Approved for public release; distribution is unlimited. 

 



 

 

NOTICES 
 

Disclaimers 
 
The findings in this report are not to be construed as an official Department of the 
Army position unless so designated by other authorized documents. 
 

Citation of manufacturer’s or trade names does not constitute an official 
endorsement or approval of the use thereof. 
 

Destroy this report when it is no longer needed. Do not return it to the originator. 

 



 

 

 
 
 

 ARL-MR-0954 ● Jun 2017 

 
 US Army Research Laboratory 

 
 
Using Ferromagnetic Material to Extend and 
Shield the Magnetic Field of a Coil 
 
by W Casey Uhlig 
Weapons and Materials Research Directorate, ARL 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Approved for public release; distribution is unlimited. 

 



 

ii 

REPORT DOCUMENTATION PAGE Form Approved 
OMB No. 0704-0188 

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the 
data needed, and completing and reviewing the collection information. Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing the 
burden, to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-4302. 
Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently 
valid OMB control number. 
PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS. 

1. REPORT DATE (DD-MM-YYYY) 

June 2017  
2. REPORT TYPE 

Memorandum Report 
3. DATES COVERED (From - To) 

7 January 2013–30 January 2014 
4. TITLE AND SUBTITLE 

Using Ferromagnetic Material to Extend and Shield the Magnetic Field of a 
Coil 

5a. CONTRACT NUMBER 

 
5b. GRANT NUMBER 

 
5c. PROGRAM ELEMENT NUMBER 

 
6. AUTHOR(S) 

W Casey Uhlig 
5d. PROJECT NUMBER 

 
5e. TASK NUMBER 

 
5f. WORK UNIT NUMBER 

 
7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 

US Army Research Laboratory 
ATTN: RDRL-WMP-A 
Aberdeen Proving Ground, MD  21005-5069 

8. PERFORMING ORGANIZATION REPORT NUMBER 

 
ARL-MR-0954 

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 

 
10. SPONSOR/MONITOR'S ACRONYM(S) 

 
11. SPONSOR/MONITOR'S REPORT NUMBER(S) 

 
12. DISTRIBUTION/AVAILABILITY STATEMENT 

Approved for public release; distribution is unlimited. 

13. SUPPLEMENTARY NOTES 
 

14. ABSTRACT 

This report proposes to extend the magnetic field generated by a coil along its axial direction while simultaneously shielding 
(or reducing) the field in the lateral direction by the application of ferromagnetic cladding on the coil. Calculations were 
performed for an infinitely long wire with a 2.5- × 5.0-cm rectangular cross section carrying 607,000 A as well as a 
magnetically saturated 2.5- × 5.0-cm rectangular piece of iron with a length much greater than the cross-sectional dimensions. 
These fields were combined as a baseline representative value. Two-dimensional calculations were then performed for a 
single-turn coil with a 20-cm diameter, metal cladding of varying permeability of µo, 10 µo, and 50 µo, and cross sections 
identical to the previous infinite wire and iron calculations. The field at the coil edge along the axial direction was extended up 
to 10%, while the field outside the coil in the radial direction was reduced by an order of magnitude, particularly within close 
proximity of the cladding. 

15. SUBJECT TERMS 

magnetic coils, magnetic field sources, magnetic field shaping, magnetic coil enhancement, magnetic coil interactions 

16. SECURITY CLASSIFICATION OF: 
17. LIMITATION 
       OF  
       ABSTRACT 

UU 

18. NUMBER 
       OF  
       PAGES 

16 

19a. NAME OF RESPONSIBLE PERSON 

Willard Casey Uhlig 
a. REPORT 

Unclassified 
b. ABSTRACT 

Unclassified 
 

c. THIS PAGE 

Unclassified 
 

19b. TELEPHONE NUMBER (Include area code) 

410-278-3997 
 Standard Form 298 (Rev. 8/98) 

 Prescribed by ANSI Std. Z39.18 



 

Approved for public release; distribution is unlimited. 
iii 

Contents 

List of Figures iv 

Acknowledgments v 

1. Introduction and Initial Field Calculations 1 

2. Two-Dimensional Calculations 2 

3. Conclusion 6 

4. References 7 

Distribution List 8 



 

Approved for public release; distribution is unlimited. 
iv 

List of Figures 

Fig. 1 Cross-sectional configuration for calculation including fully saturated 
magnetized Fe (dark gray) and current carrying rectangular wire (light 
gray) ...................................................................................................... 1 

Fig. 2 Field from a rectangular saturated ferromagnetic material and an 
infinitely long wire with a rectangular cross section ............................ 2 

Fig. 3 Two-dimensional calculation of the field of a single-turn coil (right) 
with external metal cladding (left) with a permeability of µo ............... 3 

Fig. 4 Two-dimensional calculation of the field of a single-turn coil (right) 
with external metal cladding (left) with a permeability of 10 µo .......... 4 

Fig. 5 Two-dimensional calculation of the field of a single-turn coil (right) 
with external metal cladding (left) with a permeability of 50 µo .......... 4 

Fig. 6 Two-dimensional calculation showing the magnetic vector potential 
produced by a single-turn coil (right) with external metal cladding 
(left) with a permeability of 50 µo ........................................................ 5 

Fig. 7 Full cross-sectional view of the field and coil with external cladding of 
50 µo ...................................................................................................... 6 

 
 
 
 



 

Approved for public release; distribution is unlimited. 
v 

Acknowledgments 

Special thanks to Dr John Powell for work and calculations performed with the  
2-D model included in this work. The author would also like to thank Dr James 
Cazamias for reviewing this report. 

 
 



 

Approved for public release; distribution is unlimited. 
vi 

INTENTIONALLY LEFT BLANK. 



 

Approved for public release; distribution is unlimited. 
1 

1. Introduction and Initial Field Calculations 

Extending a magnetic field in space or shielding nearby structures from the field of 
a coil can be extremely useful for pulsed power applications. This report 
investigates this in a very simple geometry to better understand the extent to which 
the magnetic field may be extended, specifically the field generated by a coil along 
its axial direction, particularly at the edges of the coil, while simultaneously 
shielding (or reducing) the field in the lateral direction by the application of 
ferromagnetic cladding on the coil.  

Calculations were performed for an infinitely rectangular long wire clad on one side 
with a rectangular piece of iron (Fe) with a length much greater than the cross-
sectional dimensions. Both had cross sections of 2.5 × 5.0 cm. The fields were 
determined along the line extending from the wire/cladding junction upward 
(y-direction), as shown by the dotted line in Fig. 1. 

 
Fig. 1 Cross-sectional configuration for calculation including fully saturated magnetized Fe 
(dark gray) and current carrying rectangular wire (light gray) 

Fe has a saturation field on the order of 1.8 Tesla (T). The field from the saturated 
magnetic block with uniform magnetization in the y-direction was calculated using 
a surface current in a rectangular loop integrated over the thickness of the block. A 
current of 607,000 A in the wire was chosen to produce fields on the same order as 
the saturated Fe. The current was applied into the page, and a clockwise field 
around the wire was produced (Fig. 1). 

Figure 2 shows the y-component of the field resulting from the magnet, the coil, 
and the combination of the two. The x-component of the magnetic field produced 
by the coil is also shown for comparison. The combination of the two fields shows 
that the field can be extended by the cladding. At a distance of 7.5 cm from the 
center of the magnet/wire combination, the field in the y-direction goes from 0.31 
to 0.57 T, nearly doubling. However, if the total field is considered,  
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 2/122 )( yxmag BBB +=  , (1) 

the field is increased from 1.25 to 1.34 T, or about 7% (ignoring Bx of the Fe). 

 
Fig. 2 Field from a rectangular saturated ferromagnetic material and an infinitely long wire 
with a rectangular cross section 

2. Two-Dimensional Calculations 

Two-dimensional-axisymmetric analytical calculations* were performed for a 
20-cm-diameter single-turn coil with an external metal cladding with varying 
permeability of µo, 10 µo, and 50 µo, where µo is the permeability of free space. 
Cross sections and applied current were identical to the initial calculation. While 
Fe has a permeability significantly higher than 50 µo (on the order of 1,000 µo), the 
fundamental and most substantial changes to the field occur when initially 
increasing the permeability and the magnetic flux begins to channel through the 
ferromagnetic material. Therefore, only calculations at 10 and 50 µo were 
considered for this work. All calculations were performed with a symmetry line 
along the y = 0 axis. The calculations were carried out to 0.2 s to ensure complete 
saturation of the fields in the cladding. 

The field at the coil edge along the axial direction was extended up to 10%, in good 
agreement with the calculations in Section 1. The field outside the coil in the radial 
                                                 

* The 2-D model calculations were performed in conjunction with John Powell, utilizing the code 
developed in Powell and Zelinkski.1 
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direction was reduced by an order of magnitude, particularly within close proximity 
of the cladding. Figures 3–5 show the magnitude of the magnetic field for 
calculations with a permeability of µo, 10 µo, and 50 µo, respectively. The dotted 
line marks the distance that the 0.6- to 0.8-T contour extends, which is an additional 
7.7% from µo to 10 µo and 10.0% from µo to 50 µo. Figure 6 shows the magnetic 
vector potential for the 50-µo configuration, while Fig. 7 gives a full  
4-quadrant view of the magnetic field.  

 
Fig. 3 Two-dimensional calculation of the field of a single-turn coil (right) with external metal 
cladding (left) with a permeability of µo 
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Fig. 4 Two-dimensional calculation of the field of a single-turn coil (right) with external metal 
cladding (left) with a permeability of 10 µo 

 

 
Fig. 5 Two-dimensional calculation of the field of a single-turn coil (right) with external metal 
cladding (left) with a permeability of 50 µo 
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Fig. 6 Two-dimensional calculation showing the magnetic vector potential produced by a 
single-turn coil (right) with external metal cladding (left) with a permeability of 50 µo 
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Fig. 7 Full cross-sectional view of the field and coil with external cladding of 50 µo 

3. Conclusion 

Adding soft ferromagnetic cladding with high-saturation magnetization to a coil 
can extend the field in the vicinity of the coil edge. In addition, the cladding also 
shields the nearby lateral direction of the coil from the generated magnetic field. 
This can be very useful for shielding sensitive assets or for reducing the coupling 
that would occur between neighboring inductive loads. 
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